II. REMARKS 

A. Status of the Claims 

Claims 1-36 were pending in the case at the time of the Office Action. Claims 1 and 24 
have been amended in the Amendment set forth herein to recite "wherein said self protein is a 
polypeptide that undergoes secretion, diffusion or transport to the circulation upon expression in 
vivo." Support for the amendments to the claims can be found generally throughout the 
specification, such as in the claims as originally filed, and page 4, lines 13-18. New claim 37 has 
been added, which recites "wherein the immunocompetent animal is an adult immunocompetent 
animal." Support for this claim can be found throughout the specification, such as in the claims 
as originally filed and in Example 8, page 20, line 4 - page 21, line 1 1, and particularly page 20, 
line 17-18. Claims 12-23 have been canceled without prejudice or disclaimer. Therefore, claims 
1-1 1 and 24-37 are currently under consideration. 

B. The Double Patenting Rejections Are Overcome 

Claims 1-23 are rejected under the judicially created doctrine of obviousness-type double 
patenting as being unpatentable over claims 1-10, 22, and 23 of U.S. Patent 6,613,319. Claims 
24-36 are rejected under the judicially created doctrine of obviousness-type double patenting as 
being unpatentable over claims 1 1-21 and 24 of U.S. Patent 6,613,319. Without conceding that 
the claims of the present application are not patentably distinct from the cited claims of U.S. 
Patent 6,613,319, Applicants will overcome the issue by filing a terminal disclaimer. 

The Examiner notes that if claims 1-11 should be found allowable, that claims 12-23, 
respectively, will be objected to under 37 C.F.R. §1.75 as being a substantial duplicate thereof. 
Applicants note that this objection is moot in view of the cancellation of claims 12-23 without 
prejudice or disclaimer. 
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C. The Rejections Under 35 U.S.C. §112, First Paragraph, Are Overcome 

Claims 1-36 are rejected under 35 U.S.C. §112, first paragraph, because the specification 
is said to not be enabling for the full scope of the claims. Applicants respectfully traverse. 

The Examiner argues that the specification teaches use of the claimed processes only for 
gene therapy, and that no other use for the claimed methods are contemplated in the 
specification. The Examiner further notes that the specification does not adequately teach how 
to use the methods in gene therapy applications. 

Applicant reminds the Examiner that the test of enablement is whether the disclosure, 
when filed, contained sufficient information regarding the subject matter of the claims as to 
enable one skilled in the pertinent art to make and use the claimed invention without undue 
experimentation. See Manual of Patent Examining Procedure (MPEP) §2164.01. The Examiner 
appears to argue that because the instant specification does not teach a use of the invention other 
than for gene therapy, that the claims are not enabled for such other applications by the instant 
specification. The specification need not contain an example if the invention is otherwise 
disclosed in such manner that one skilled in the art will be able to practice it without an undue 
amount of experimentation. MPEP §2164.02, citing In re Borkowski, 422 F.2d 904, 908, 164 
USPQ 642, 645 (CCPA 1970). One of ordinary skill in the art would be able to practice the 
claimed method in contexts that do not pertain to gene therapy without undue experimentation in 
view of the disclosure set forth herein. 

Applicants note that their specification is fully enabling for the full scope of the claims as 
written, whether it be in the context of gene therapy or other applications. Information regarding 
proteins present in the circulation of an animal can be found, for example, on page 4, lines 8-18. 
Information regarding viral vectors that can be applied in the context of the present invention can 
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be found, for example, on page 5, lines 3 - page 8, line 25 and page 10, line 3 - page 11, line 14. 
Information regarding in vivo and ex vivo transformation of muscle cells can be found generally 
throughout the specification, such as on page 11, line 15 - page 12, line 7. Detailed information 
regarding processes for increasing the circulating levels of a self protein in the blood stream of 
an immunocompetent animal that involve delivery of viral vectors in vivo to muscle cells can be 
found throughout the specification, such as in working Examples 5-10 (page 16, line 1 1 - page 
23, line 6). Further, the information pertaining to use of plasmid vectors set forth in Examples 1- 
4 of the specification provides additional detail that can be applied by one of ordinary skill in the 
art in the practice of the claimed methods. Further, the data set forth in the specification 
demonstrates that the processes that are claimed result in stable long-term expression of a self- 
protein in an immunocompetent subject. 

The Examiner argues that the specification does not provide guidance as to how the 
claimed processes can be used in the treatment of disease in an animal, and that the specification 
does not teach the level of gene expression required, the number of transduced cells needed, 
when or for how long the gene should be expressed, or the frequency of administration of the 
gene therapy vector required, for treatment of any pathological condition. Applicant disagrees. 
The specification provides detailed guidance to one of ordinary skill in the art regarding 
treatment of disease. For example, page 6, lines 9-1 1 clearly indicate that the results set forth in 
the specification can be safely and effectively applied to treat patients with Epo-responsive 
anemias. Furthermore, the background section on pages 1-2 of the specification clearly 
delineates that diseases contemplated for treatment by the present invention include those 
diseases associated with "inherited and acquired serum protein deficiencies including hemophilia 
A, diabetes mellitus, and erythropoietin-responsive anemias," to name a few examples. 
Specification, page 1, lines 13-16. Applicant is not required to explicitly recite every disease that 
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can be treated using the processes of the present invention. The state of the art pertaining the 
level of understanding pertaining to diseases associated with protein deficiencies was high at the 
priority date; no evidence to the contrary has been submitted by the Examiner. 

Regarding the Examiner's assertion that the specification provides insufficient guidance 
pertaining to the level of gene expression required, the number of transduced cells needed, when 
or for how long the gene should be expressed, Applicants note that specific guidance in the 
context of erythropoietin is provided on page 6, lines 1 - page 8, lines 25. Detailed information 
is set forth in this section regarding dosage of viral vector in animals, and effect of dose 
modification on serum erythropoietin level and hematocrit. In view of the specific and detailed 
guidance set forth herein pertaining to erythropoietin, one of ordinary skill in the art would be 
able to apply this information in a process for increasing the serum level of any other secreted 
protein. No reasonable basis to doubt this ability has been set forth by the Examiner. See In re 
Wright, 999 F.2d 1557, 1562, 27 USPQ2d 1510, 1513 (Fed. Cir. 1993) (In order to make a 
rejection, the examiner has the initial burden to establish a reasonable basis to question the 
enablement provided by the claimed invention). 

Applicants disagree with the Examiner's statement that "[a]t the time the application was 
filed, the art of administering any type of genetic expression vector to an individual so as to 
provide a tangible therapeutic benefit was poorly developed and unpredicable." Office Action, 
page 5. Applicants herein attach a review article published around the time of the priority date 
(Svensson et al, Molecular Medicine Today, April 1996, pp. 166-172; hereinafter "Svensson"; 
Exhibit 1) which provides as follows: 

"The past five years have witnessed tremendous growth in the field of 
gene therapy, with pre-clinical and clinical gene therapy trials for diseases as 
diverse as cancer, AIDS, and atherosclerosis. These studies have utilized 
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many different vectors and target organs in order to achieve therapeutic 
effects." 

Svensson proceeds to provide an overview of the state of the art regarding muscle-based 
gene therapy, including the state of the art pertaining to myoblast transplantation (page 167- 
168), direct DNA injection (page 168), adenovirus vectors (page 168-169), and other vector 
systems for muscle based gene therapy (page 169). Furthermore, there was discussion regarding 
diseases that can be targeted using gene-based therapy (pages 169-170). Thus, contrary to the 
Examiner's assertion, the state of the art was not so very poorly developed and unpredictable in 
the field of the invention. It was clearly sufficiently advanced such that a person of ordinary skill 
in the art, when presented with the information set forth in the specification, would have been 
able to practice the claimed invention without an undue amount of experimentation. 

As further evidence that the claimed methods can be used in gene therapy applications to 
produce a therapeutic effect, Applicant herein submits the following Exhibits: 

• Wang and Herzog, "AAV-Mediated Gene Transfer for Treatment of 
Hemophilia," Current Gene Therapy, 2005, 5, 349-360 (Exhibit 2). This report 
presents an overview of the state of the art pertaining to AAV-mediated factor IX 
gene transfer to skeletal muscle of animals and humans. 

• Kay et ah, "Evidence for gene transfer and expression of Factor IX in 
haemophilia B patients treated with an AAV vector. Nat. Genet. (2000), 24:257- 
261 (Exhibit 3). 

• Manno et al., "AAV-mediated Factor IX gene transfer to skeletal muscle in 
patients with severe hemophilia B." Blood (2003) 101 :2963-2972 (Exhibit 4). 
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The quotes that the Examiner refers to in describing pessimism in the field of gene 
therapy are not indicative of enablement in the state of the art pertaining to muscle-based gene 
therapy. At most, the quotes cited by the Examiner on pages 5-6 of the Office Action merely 
suggest that continued effort should continue to improve gene therapy technology, Regarding 
Rubanyi, cited by the Examiner in the paragraph bridging pages 5-6 of the Action, it is noted in 
the abstract that gene therapy prerequisites for success include therapeutically suitable genes, 
appropriate gene delivery systems, and proof or principle of efficacy and safety in appropriate 
clinical models, The instant specification establishes each of these factors, and the methods of 
the present invention have found application in the treatment of disease. The examples provided 
in the specification can be applied in providing guidance to one of ordinary skill in the art, 
particularly in view of the state of the art pertaining to muccle-based gene therapy, to apply the 
claimed invention to increase serum levels of a protein to treat a disease. Further, while it may 
be possible that some experimentation may be required to practice the claimed invention, no 
sufficient evidence has been set forth by the Examiner to show that any such experimentation 
would be undue experimentation. See MPEP §2164.06. 

In view of the foregoing, each of the pending claims is enabled by the instant 
specification. Regarding new claim 37, it depends from claim 1, which for the reasons discussed 
above is enabled by the instant specification. Therefore, it is respectfully requested that the 
enablement rejection under 35 U.S.C. §112, first paragraph, should be withdrawn. 

C. The Rejections Under 35 U.S.C. §1 12, Second Paragraph, Are Moot 

Claims 12-23 are rejected under 35 U.S.C. §112, second paragraph, as being indefinite 
for failing to particularly point out and distinctly claim the subject matter which Applicant 
regards as the invention. In particular, the Examiner points out that the recitation of "the 
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expression vector" lacks antecedent basis. Applicants notes, however, that this rejection is moot 
in view of the cancellation of claims 12-23 without prejudice or disclaimer. 

D. The Claim Rejections Under 35 U.S.C. §103(a) Are Overcome 

Claims 1-23 are rejected under 35 U.S.C. § 103(a) as being unpatentable over Tripathy et 
al. (1994; hereinafter "Tripathy") and Dhaawan et al. (1991; hereinafter "Dhawan"). Applicants 
respectfully traverse this rejection. Applicants respectfully traverse this rejection. 

1. The Examiner Has Failed to Set Forth a Sufficient Analysis Supporting the 
Rejection 

In rejecting claims 1-23 under 35 U.S.C. § 103(a) as being unpatentable over Tripathy in 
view of Dhawan, Applicant notes that the Examiner has failed to set forth an analysis supporting 
the rejection in accordance with the requirements set forth by the Supreme Court in KSR Int'l 
Co. v. Tele/lex, Inc., No. 04-1350 (U.S., Apr. 30, 2007). In particular, the Court noted that the 
analysis supporting a rejection under 35 U.S.C. § 103(a) should be made explicit, and that it is 
"important to identify a reason that would have prompted a person of ordinary skill in the 
relevant field to combine the [prior art] elements" in the manner claimed. KSR, slip op. at 14. 
More particularly, the Court noted that "[ojften, it will be necessary ... to look to interrelated 
teachings of multiple patents; the effects of demands known to the design community or present 
in the marketplace; and the background knowledge possessed by a person having ordinary skill 
in the art, all in order to determine whether there was an apparent reason to combine the known 
elements in the fashion claimed by the patent at issue," and that 
"[t]o facilitate review, this analysis should be made explicit." Id., (emphasis added). 

The Examiner has failed to set forth any explicit reason for combining the reference. She 
appears to indicate that there is motivation because Tripathy et al is said to disclose a method to 
treat human serum protein deficiencies. However, she fails to set forth an explicit analysis as to 
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how these two references teach or suggest each limitation of the claimed invention. In particular, 
the Examiner includes no analysis as to how the combination of references teaches or suggests 
any process for increasing the circulating level of a self protein in the blood stream of an 
immunocompetent animal. Thus, because the analysis set forth by the Examiner is not in 
accordance with the requirements set forth in KSR, the rejection is improper. 

2. The Examiner Has Failed to Set Forth a Prima Facie Case of Obviousness 

In order to establish a prima facie case of obviousness, three basic criteria must be met: 
(1) the prior art reference (or references when combined) must teach or suggest all the claim 
limitations; (2) there must be some suggestion or motivation, either in the references themselves 
or in the knowledge generally available to one of ordinary skill in the art, to modify the reference 
or to combine reference teachings; (3) there must be a reasonable expectation of success. In re 
Vaeck, 947 F.2d 488, 20 U.S.P.Q. 2d 1438 (Fed Cir. 1991). It is important to note that all three 
elements must be shown to establish a prima facie case of obviousness. Thus, if one element is 
missing, a prima facie case of obviousness does not exist. 

Applicant further notes that the Court in KSR (discussed supra) did not totally reject the 
use of "teaching, suggestion, or motivation" as a factor in the obviousness analysis. KSR, slip 
op. at 14-15. 

a. Tripathy in View of Dhawan Fails to Teach or Suggest Each 
Limitation of the Claimed Invention 

In the instant case, there is no prima facie case of obviousness because the Examiner has 

not established that either Tripathy or Dhawan teaches or suggests a process for increasing the 

circulation of a self protein in an immunocompetent animal. 

Applicant notes that neither Tripathy nor Dhawan teaches or suggests administration of a 
self protein. Tripathy administered viral vectors that includes a nucleic acid encoding a human 
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erythropoietin gene into mice. See, e.g., Tripathy, abstract. Dhawan administered viral vectors 
that encode a recombinant human growth hormone into mice. See, e.g., Dhawan, abstract. 

Further, the studies set forth in Tripathy were not conducted in immunocompetent 
animals. Rather, they were conducted in neonatal (day 2-4) CD-I mice or adult severe combined 
immunodeficiency (SCID) mice. See Tripathy, page 1 1558, paragraph 3. 

The neonatal CD-I mice are not immunocompetent because their immune system is not 
fully developed. The Dictionary of Cancer Terms from the National Cancer Institute 
( http://www.cancer.gov/Templates/db_alpha.aspx7Cdr ID=44835 ) defines "immunocompetent" 
as "having the ability to produce a normal immune response." (Exhibit 5; emphasis added). It 
was known in the art at the time of the priority date that neonatal mice do not produce a normal 
immune response. In Balasingam et al. (J. Neurosciences, Feb. 1994; 14(2):846-845; 
"Balasingam"; Exhibit 6), the CD1 neonatal mice were described as having an "immune system 
[that] is relatively immature compared to adult animals." Balasingam, abstract. Balasingam 
further described minimal astrogliotic response in neonatal animals compared to adult animals, 
and attributed this to lack of cytokine production following neonatal CNS injuries, Balasingam 
at page 846, last paragraph, further cites the following references as supporting that the immune 
system in neonatal animals is relatively immature compared to adults: 

• Abo ei al (1983) "Differentiation stages of human natural killer cells in 
lymphoid tissue from fetal to adult life." J. Exp Med 157:273-284. (Exhibit 7) 

• Lu and Unanue (1985) "Macrophage ontogeny: implications for host defense, T- 
lymphocyte differentiation, and the acquisition of self tolerance." Clin Immunol 
Allergy 5:253-269. (Exhibit 8) 
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• De Paoli et al. (1988) "Age-related changes in human lymphocyte subsets: 
progressive reduction of the CD4 CD45T (suppressor inducer) population. Clin 
Immunol Immunopathol 48:290-296 (Exhibit 9). 

• Hannet et al. (1992) "Developmental and maturational changes in human blood 
lymphocyte subpopulations. Immunol Today 13:215-218 (Exhibit 10). 

Therefore, because the Examiner has not established that Tripathy in view of Dhawan 
teaches or suggests any process for increasing the circulating level of a self protein in the blood 
stream of an immunocompetent animal, there can be no prima facie case of obviousness. 

b. Tripathy In View of Dhawan Fails to Provide Any Suggestion or 
Motivation to One of Ordinary Skill in the Art to Provide for the 
Claimed Invention, and Actually Teaches Away from the 
Claimed Invention 

Further, there is additionally no prima facie case of obviousness because Tripathy in view 
of Dhawan fails to provide any suggestion or motivation to one of ordinary skill in the art to 
modify or combine reference teachings to lead to the claimed invention. As discussed above, the 
studies in Tripathy were not conducted in immunocompetent animals. Further, Tripathy 
discloses that earlier studies in "adult immunocompetent hosts" results in "transient" gene 
expression, "presumably as a result of an immune response directed against adenoviral or 
recombinant proteins." Tripathy, page 11560, last paragraph. Thus, Tripathy actually teaches 
away from using immunocompetent hosts, since use of such hosts would only result in transient 
gene expression. Tripathy further notes that "[i]n agreement with these results, our preliminary 
studies have demonstrated transient elevations in hematocrits in adult CD-I miced after i.m. 
injection with AdEPlhEpo." Id. These statements in Tripathy would indicate to one of ordinary 
skill in the art that the method of Tripathy would not be suitable for obtaining an increase in the 
circulating level of a self protein in the blood stream of an animal for greater than about 30 days, 
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as provided for by the presently pending claims. Thus, Tripathy actually teaches away from the 
claimed invention. 

Dhawan provides no motivation to provide for immunocompetent animals because its 
studies were conducted in syngeneic animals or immunosuppressed animals. See, e.g., page 254 
and FIG. 2. Further, Dhawan did not address intramuscular injection of viral vector, and does 
not pertain to any studies which seek to obtain physiologic levels of erythropoetin. Further, as 
discussed above, the recombinant protein which is expressed is not a self protein. Thus, one of 
ordinary skill in the art, when presented with Tripathy and Dhawan, would not be left with any 
suggestion or motivation to provide for the claimed invention, and would have no reasonable 
expectation of success that the method of Tripathy would work in immunocompetent 
individuals. 

3. Surprising and Unexpected Results 

The present invention is based on the surprising and unexpected finding that delivering a 
viral vector in vivo to muscle cells of an immunocompetent animal by intramuscular injection in 
an amount sufficient to obtain expression of a self protein results in prolonged secretion of the 
self protein in the blood stream of the animal. See, e.g., Examples 4-8 (page 15, line 1 - page 
21, line 1 1 . The present specification, in commenting upon the differences in protein expression 
between the results set forth in the instant specification in immunocompetent animals and the 
immunocompromised animals of Tripathy, notes that "[t]he data disclosed herein in 
immunocompetent mice and monkeys clearly demonstrate a more complex relationship between 
viral dose and hematocrit," noting that IM injection of immunocompetent mice and monkeys 
with low doses of virus resulted in only transient increases in hematocrit, whereas injection with 
higher doses of virus led to sustained elevations in serum Epo levels and hematocrits." 
Specification, page 6, lines 13-23. 
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The instant specification further observed that "[t]he observed differences between SCID 
and immunocompetent animals clearly implicated the immune system as the critical determinant 
of these different dose-response relationships." Shortly after the priority date of the present 
patent application, the inventor published an article in Nature Medicine (Tripathy et at, Nature 
Medicine 2(5):545-550, 1996; hereinafter "Tripathy 1996"; Exhibit 11) setting forth results of a 
comparison of the stability of recombinant gene expression in adult immunocompetent mice 
following intramuscular injection with identical RDAd encoding self (murine) or foreign 
(human) erythropoietin. See, e.g., abstract. It was found that immune responses directed against 
foreign transgene-encoded proteins are the major determinants of the stability of gene 
expression following i.m. injection of RDAd, and not immune responses against the adenovirus 
itself (or adenoviral proteins) Id., Abstract and page 548, first paragraph of discussion. 
Furthermore, long-term recombinant gene expression in immunocompetent animals was 
observed following a single i.m. injection of RDAd encoding a self protein. In particular, it is 
noted that mice injected with the AdhEpo vector displayed transient elevations in hematocrit, 
which peaked at day 14, followed by a profound anemia. Fig. 1, page 546 of Tripathy, 1996. In 
marked contrast, animals injected with the AdmEpovector displayed elevated hematocrits (due to 
expression of a self protein) of approximately 80% that were stable for at least 112 days and that 
were significantly difference from both preinjection and control values. Fig. 1, page 546 of 
Tripathy, 1996. The observation regarding the impact of self versus foreign protein expression 
and the effect of the immune status of the host on protein expression served as the foundation for 
the present invention. None of these results were suggested by the prior art. 

4. New Claim 

New claim 37 is not unpatentable based on Tripathy in view of Dhawan. New claim 37 
recites "[t]he process of claim 1, wherein the immunocompetent animal is an adult 

25773074.1 

17 



immunocompetent animal." This claim is nonobvious for each of the reasons set forth above, 
and is additionally nonobvious because neither Tripathy nor Dhawan teaches or suggests any 
process for increasing the level of a self gene product in any adult immunocompetent animals. 

In view of the foregoing, claims 1-23 and new claim 37 are not unpatentable under 35 
U.S.C. §103(a). Therefore, it is respectfully requested that the rejection under 35 U.S.C. §103(a) 
should be withdrawn. 

E. Conclusion 

In view of the foregoing, it is respectfully submitted that each of the pending claims is in 
condition for allowance, and a Notice of Allowance is earnestly solicited. The Examiner is 
invited to contact the undersigned attorney at (512) 536-5639 with any questions, comments or 
suggestions relating to the referenced patent application. 



600 Congress Avenue, Suite 2400 
Austin, Texas 78701 
512.474.5201 (telephone) 
512.536.4598 (fax) 

Date: May 8, 2007 




FULBRIGHT & JAWORSKI L.L.P. 



Monica A. De La Paz 
Reg. No. 54,662 
Attorney for Applicants 
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EXHIBIT 1 



Kep&stion-dsfeeiive 
adenovirus 



S&xJrfied 
myoblast 



Myoblast j 
batvest j 



Skeletal muscie — • " 

Unmodified myofiber 



is an excellent target tissue for gene therapy approaches designed to 
treat inherited am! acquired serum protein deficiencies and for gene- 
based vaccines, 

Ex vivo and in vivo gene therapy approaches targeting 
skeletal muscle 

Myoblast irmspfanfflion 

The first muscle-based gene therapies involved fte trattsplaraation 
of normal or genetically modified myoblasts back into host muscle 



by Lm. injection (Fig. !; Table [ p-"-"^. f n (f^se studies, normal 
eutatred myoblasts or tmcbhsis transduced in vino with replication- 
defective retroviruses or piasmi&s ^pressing the genes encoding {$- 
galaetosidase. human growth hormone or factor IX were reimplanled 
into syngeneic mice by simple i.ro. injection. By histologics? analysis, 
such genetically modified myoblasts were shown to fuse with endogen- 
ous myofibcrs to become stably incorporated iitto the tost muscle. 
More importantly, die i.ra. injection of relatively small numbere 
of such genetically modified myoblasts resulted in the secretion of 
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physiological levels of recombinant proteins into the systemic circu- 
lation of mice for periods of up to s ix months* *' 1 . 

Although tbesc initial studies provided an important proof of prin- 
ciple eoaceming the feasMity of using normal and genetically modi- 
fied Bryo&lasts. for the gene therapy of both iiAerited myopathies and 
serum proteiu efeScmKws* it ha* aabsetpmtfy paved quits dfficaft. 
to tnwsfete ftas s^pr^h into successful human gene therapy. First, Duchesne muscular 



Glossary 

Dystrophin - A protein thought to be involved in anchoring 

rrryofraefs to the ex&aeslfutar matrix. The protein is mutated in 

DudjefWs^Bsckwfmseoted^sbophies, 

Episome- Exrradtromosomat QNA. 

Erythropoietin {Epo> - A protsin hormone involved in regulating 

thfi production of red blood celts 



- The development of a mutation in a 



cstogjmsastlwi^cftrairrtroo^ 



UpofechM - Mixtures of cationa lipids that facilitate the transfec- 
teonofceflswrtttfofBign DMA. 



to the rywsomes within a celt and is typically involved in degra- 
dation of cefStifat proteins, carbohydrates and lipids. 

in integral membrane protein 
hg a mannose 6-phosphate 
oarbohpfrate group and facilitates the transport of these proteins 
to the (ysosomes. 

Myoblast- the stem cell of muscte tissue, ft ts mononueiear and 
can repHeate. It can also differentiate to form new myotloers, or fuse 



myasSn, mkMfflmteit arxi isniteity dtrierenfeted 
PromoJK^taiagaw cassette 

Eortttfi%etar»4r« 

pr^a^ihflOMAsa^waofthegsr*^! 

TrwrsftostiSB i- The trrrrafctction « foreign DfJA into cslts of an 

organism (to wvc). 

ttoMfecfen - The tntraductfon of foreign DNA info cetts in celt 
culture (in vitro). 

-Agerte that has been stably rncorprjrated into anotJier 



Tiwwtofioaat efficiency - The rate at whir* a sr*^ rrflNA is 

Vtetw - A reagent that facfSatss the ^oductlonolfowgnganas 
tote ee& Retroviruses, aclertovirusea end plasmids are typical 



mj last transfer is an mereotl) l>jt-iraerisive and cxpciisiv pi 
cedure, requiring either the isolation of primary myoblasts from each 
treated patient or immunosuppression Mowing non-autologous 
myoblast transplantation. Second, human muscle appears to be sig- 
nificantly less receptive to transplanted myoblasts than mouse muscle. 
Thus, for exsmpte, rsceffl clinical trials of myoblast transfer for 
dystiephy (DMD) ware unable to show signifi- 
cant engrsftaertt of myoblasts even" foftowing 3tX) irrjections of more 
than S x 1^ ceils in total into a single muscle 11 -". Although several 
recent repents have suggested that myoblast engraftrnem in rodents 
may be enhanced by pre-injection injury of the muscte, these findings 
remain controversial, and it is not clear that they are applicable to 
human therapy 28 . In summary, although myoblast transplantation was 
historically important in developing muscle-based gene therapies, it 
is unlikely to ntay a major role in human gene therapy unless it is 
possible to develop a universal donor myoblast that can be efficiently 
engrafted into human muscle, or unless it is possible to develop tran- 
sient immunosuppressive regimens that permit long-term myoblast 
graft survival in human muscle 3 '. 

Direa DNA injection 

It* 1990, Wolff and co-workers made the surprising observation 
that skeletal ntyofibers can take up and stably express intramuscularly 
injected plasmid DNA 1 . This finding raised the possibility of using 
direct DNA injection as a straightforward method of in viva gene 
therapy in muscte. Direct DNA injection has a number of obvious 
advantages as a gene transduction approach (Table 1}. First, it is a 
simple in vivo gene transfer technique that docs not require an infec- 
tious vector and mat is readily applicable to large numbers of patients. 
Plasraid-based vectors are easy to construct, and the preparation and 
storage of large amounts of DNA is relatively straightferward. In 
addition, the amount of transgene expression is proportional to the 
number of DNA injections, and repeated injections can be easily ad- 
ministered 12 25 . Finally, transgene expression appears to be stable for 
periods of at least (2-19 months following direct DNA injection 11 . 
Despite these advantages, the usefulness of direct DNA injection has 
been greatly limited by the finding that the efficiency of gene transfer 
following i ns. injection of piasritid DNA is extremely tow: less than 
I % of the rayofibrms ia the area of injection tafc up and express the 
plasmid DNA' 8 . Despite extensive work by many groups, it has thus 
far been impossible to increase sigsificanfly the efficiency of in vivo 
gene transfer following Im. injection of DNA. However, recent stud- 
ies have shown that the levels of recombinant gene expression fol- 
lowing direct DNA injection can be increased at least 50-fotd by 
increasing the transcriptional efficiency of the injected plasraid". 
These findings, along with ongoing studies designed to increase 
mRNA stability and translatiortal efficiency, as well as to increase 
transgene or mRNA copy numbers following direct DNA injection, 
hold promise for expanding the usefulness of this approach. However, 
at the present time, direct DNA injection appears to be useful only 
for (be development of DNA-based vaccines that require low-level 
and transient recombinant gene expression in muscle (see below). 

Adenovirus vectors 

Replication-defective adenoviruses (RdAd) are one of me most 
piemistBg vectors for in vivo gene therapy in skeletal muscle. Adeno- 
viruses are douWe-stranded human DNA viruses that typically cause 
setf-rimked respiratory tract infections. RdAd in which the El genes 
have been replaced by a pramoter-transgene cassette can efficiently 



r ei i i i r e if 

cet! types in iw, but lack the ability lo gen- 
erate infectious progeny. The ability to iafcct 
non-replicating ceil types is particularly im- 
portant for tu Win muscle gen? therapy as 
skeletal inyofibers arc terminally differed- 
dated, ooa-proJifemiog cells. RdAd can 
he prepared at high titer fop to tO" plaque- 
forming usits ml" 1 ), tnafcing. it possible to 
acnieve high mjtsductkm efficiencies with 
relatively smalt volumes of vims. Following 
mfetton, the aderievirus gsaorae is maintained 
as a linear episome, thereby obviating the risk 
of iiiseniemai mutagenesis. Finally, unfike most 
other human RNA and DNA viruses, adeno- 
viruses have a relatively favorable safety 
profile. They have not been assodaied with 
ht:man malignancies or persistent infections 
and have been used safely to vaccinate large 
numbers of military recruits. 

Recent studies have clearly demonstrated 
thai it is possible to use i.rn. injection of 
RdAd to express high levels of intracellular 
proteins such as p-gsiaetosidsse (Fig. 2} ls or 
dystrophin in skeletal myofibefs 14 . In. addi- 
tion, a single i.ra. injection of RdAd can 
provide physiological levels of recombinant 
proteins such as erythropoietin <Epoi to the 
systemic circulation of smmunodeficiem mice 
fr.r at least 6-8 month*' 5 . Despite their great 
promise, the use of RdAd for muscle-based 
gene therapy has been limited by the finding 
that the use of these vectors in adult imrnono- 

corapetem hosts produces only transient re- ! 

combinant gene expression in vivo (lasting 
2-4 weeks) (Fig. %\. Moreover, it has proved impossible to re- 
administer RdAd successfully following an initial infection. Recent 
studies bave dearly demonstrated that boss tstmttne responses are 
respcssMs both for tite transient nature of geae expression observed 
with RdAd and for the inability so reacteaniseer virus , * ,1!f . Cytotoxic 
T-ceK responses directed against both foreign traasgeite products 
artd adenoviral proteins eliminate virus-infected celis and produce 
short-term gene expression in vivo. Similarly, neutralizing antibody 
responses preeisde repeated viral sdtriausasion. Cuirest studies 
focused on modifying tlte transgenes arid the viral vector, and on 
developing novel transient traratmosuppressive regimens, hold 
promise for greatly expanding the usefulness of RdAd in muscle- 
based gene therapy. &t addition, it will be important to develop 
methods for the systemic administration of RdAd to skeletal muscle 
if these vectors are to be useful in the therapy of inherited 
myopathies, such as DME>. 




Figure 2. Production of g-gaSacSossissa m irKmifiede&osnt and immunocompetent tukse site? B*a- 
museutar (Lm.j injecto wstfi tecoraKnant ffipitcaijon-defectfve adenovirus {RdAd}. Sewe-ccfl*irwi 
tounofeSwem (SOD) and CD-t mice swse injected \.m. ** t « 10'' plaque tanning units ci 
Adttte.LaeZ. a reawsbinam RcfAd confining the p-*Sln premolar Saving siqjpesson of fee iscZ gene. 
Ate one week or tw months, the H^dtsd muscles were harvested, cfoss-secfcned and stained for 
R-gaiasaosWaae prooucfion (seite producing 0-gaiactoskiase aw Hub)- One week after km. injection 
(a. b}, both strains of mice produce hteh tewte of (S-gaiaetosidasa in their tnjaeted mussies. Howews. 
aHef tw montfis (e. d) . only Bis SCiD mice continue lo produce p-geiactoarjase' 5 . 



skeletal muscle has been shown to result in relatively low transduc- 
tion efficiencies". Adctto-associated virus (AAV) is a single-stranded 
DNA virus that can infect both dividing and noa-dividing ceils, 
and does not appear to cause human disease' 1 , Wkile wild-type AAV 
integrates specifically at a site on chromosome 19, recombinant AAV 
tacks this specificity of integration, increasing the risk of msertkmal 
mutagenesis. In addition, it is difficult to prepare high-dter recombi- 
nant AAV. Finally, AAV can accommodate no more than 4.7 kb of 
foreign DNA, thereby limiting its usefulness for the treatment of 
human diseases requiring the expression of large cDNAs. Thus for. 
lipofectins have not proved to be especially useful for the stable 
transduction of terminally differentiated skeletal myofibers in vivo. 
However, the recent development of new, more efficient lipofeetias and 
the possmihry of targeting specific cell types by incorporating viral 
or cellular proteins into liposomes may hold promise for the future 
development of lipofectin-based muscle transduction systems-''. 

Disease targets for sketetei-moscSe-based gene therapy 
Muscular dystropiiks 

The most obvious application of muscle-directed gene therapy is 
trie treatment of single-gene recessive inherited myopathies, such as 
tmntely to be useful for the in vivo transduction of skeletal myofibers JMD". DMD is an X- linked myopathy that effects approximately 1 
because of their inability to infect mm -dividing skeletal myofibers. in 3000 males. The disease is caused by mutations of the dystmpliin 
Indeed, evert injection of retroviruses directly into regenerating gene, which encodes an important structural protein that has been 



Other vector sys tems for muscle-based gene tkempy 

Several other viruses are currently being developed as vectors 
for muscle-based gene therapy (Table 1). Retroviruses have been 
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» be tmrafHHi ia aacfcoaag skeletal myofibm ta the ettra- 
Sis, M@m *Mt tte severe to of DM» itevetop pro- 
^e mukmm begismng in eiriy childhood, wet die of 
tee SB&fcir c8s*aayofsa% early adulthood TJ 
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importantly, none of these methods has ad- 
dressed the issue of how to deliver the dys- 
trophin gene to the extremely large muscle 
mass of the human organism. Thus, lbs major 
challenge in the gene therapy of inherited 
myopathies is the ArveJoptaest of a tptaafc 
gens Velvety approach that eUciemty and 
specifically targets termir-.aUy differentiated 
dystrophic myofihen, in a relatively large 
organism stich as matt, 

Senm protein deficiencies 

Although the muscular dystrophies pre- 
sent tormffiabie challenges for effective gene 
therapy, other single-gece defects may be mow 
amenable to current techniques Its particular, 
a relatively large number of serum protein 
deSdencie& appear to be wcii suited :o musete- 
bitsed gene therapies (Table 2f <vW ' ul ' < -*- r '. 
As described above, rnyofi&erx can easily be 
genetically modified and can efficiently se- 
crete recombinant proteins. Thus, myottbers 
may be utilized to produce therapeutic pro- 
teins, such as Epa and factor (X, that are not 
aoctaaily made in muscte. Moreover, recom- 
binant proteins secreted from myofibers gain 
ready access to the syteraic circtMon. Perhaps 
most importantly, correction of a serum pro- 
tein deficiency is intrinsically much si npfct 
than correction of art inherited myopathy 
becatrsc high muscle transduction efficien- 
cies are fiot required ~ only & relatively small 
number of myoflbers in a localized area of 
muscle need to secrete the protein of interest 
to- achieve a therapeutic effect 

Recent studies have dfcraonstretaj that a 
single i.m. injection of RdAd encoding Epu 
can provld* physiological fcvcb of Bpo to 
the systemic eiwatJatiDB. sf mice for at km 
five tBemhsl By e&fi^fBkiim, It staiM be 
pessstjte to achieve physiological levels of 
sienna Epo in humans fallowing die i.st 

_ .J inaction of only ifl~2t> ml of high-titer 

RdAd. These findings suggest that: the i.m. 
mjectionofRdAd encoding human proteins may be ready for human 
clinical trials in the near ftrtoe. 

A single Lm, injection of 10 jig of a ptaaid-based Epo expres- 
sion vector has also bees shows to result ja long-term Eco synthesis 
in mke fftipalfcy, S.IL, Sveassott, E.C., Black. H„ aa<! Leiden. 



skeletal (and <m&6£) mjeriitiet* throughout the body. A variety of 
appwasfees, foefcaiSBg myoblast trnts^fcatatkHi. and is direct i.m. 
injectwt) of retroviral, plasma aad sdtoovtm vectors. hav« been ttsssd 
awwfcfe » tmnaftK* t^rophic a^otSbets with the dy^opiua 
pm mmm, m d«saib&i above, myoblast sswsrtoaksi 
has m Qfw«£ wtmiM it htimatt tm^te; ad«aa*fe»!Mac4to!d 
^ »»^fer fwfe i» asty s.TwtttTnt womtrj^ geite sr^sskm 

femtsbea^fe tetrea^^patj^ wish^ Most 



tkm of at least 20 rag of DMA usmg correm technah^s. these sr. 
do isoggest that father HnpwemeBis in the transcriptkmal and trans- 
fgHoaai eflSckacks of these plasmkl vectors may ailow the. use of 
direct DMA iRjecttes for the therapy of htimatt serum protein deft- 
cieades ia the near future. 

In samwary, darisg the psea few years, vws have raade s^tiifieatJi 
progress is devciajpif^ mascle-basejl gene riserapies for sercaii protein 
de6eie»cfes. loA i.m, ofaak* of RdAd ml dam MiA tnjectioa hokl 
gtea ptotake for human fiieiapy. Issues remaining to be addressed 



include a bener understanding of the immune spouses m adenoviral 
and foreign tnmsgew en:'** ip > 1 olkwving i.m. iinu'f .Rd.A;f 
and farther improvements in the etlfciesvfcs of transduction jsd 
gene espresso fa!! i - . . - ^ t ^ ^ t ,, wu . 

diseases, including, the Rftt-responstve anemias ami diabetes meJKtuC 
ft witi be important to ctevdop systems to iegslate feveis. of secositeisaflE 
geae expression r%siologicii% in gea&kaHy modified myofibers. 
Rna%, these ar^frotsehes should he evaluated in large-animal models 
to address 'scale-Hp' tssu (s « as largsr blood otumcsj before 
say huma» clinical trials are undertaken. 

Lysosomal storage diseases 

Inherited lysosomal storage diseases (LSDs; are a third class of 
disorders that may he particularly weif suited to muscle-directed 
gei At p\ hese rare recessive caset ret ! j&araeierizeii b 
(he ibsenee t a t iak functicmal ! , • ia < ypiratl) j , 
in* in the lysosomal accumulation of the substrate precursors of the 
missing or defective enzyme, and ultimately leading to cellular dys- 
tbnctn.iti and/or death. Clinically, these diseases present with menial 
retardation, front neuronal dysfunction, and enlargement of the liver 
.'it spit s ,n seem J r. a i' zh 1 iMi' > ns in these o 
Most LSDs result is death in childhood, There are currently no effec- 
tive tretaments tor any of lite LSDs, making new gene fteapy ap- 
proaches highly desirable, 

The successful gette therapy of LSDs will most probably require 
that a lat^e percentage of cells in affected fissnes [liver, spleen, central 
nervous system (CNS)S receive the replacement enzyme. Fortunately, 
however, lysosomal enzymes possess a targeting signal, msnnosc 
6-phospruue. Thus, cells lacking a specific lysosomal emtyme can taiot 
up erayme front the serum via their mamwse 6-phosphate receptors 
and deliver this enzyme to the lysosoroes, correcting the lysosomal 
deficit 1 "'. As shewn in Fig. 3. a viabie therapeutic sumegy would be to 
transduce muscle cells with the gene encoding the lysosomal enzyme 
of interest, directing these cells to produce high levels of enzyme in 
the serum, which could then be taken up by cells in the liver, spleen 
andCNS, 

The huidles to be overcome in the correction of lysosomal ;foragc 
dfesondej* by masele-bas^ ge* therapies are, in most eases, simitar 
to those described above for tnusclc-hassd gene therapies for sejsrn- 
proidi! decencies. Frm, high levers of recombinant gene espres- 
sfos must be obtained in order to produce a dimes! effect. Second, 
this expfesaion mast be maintained for the life of the individual 
Finally, and most iatportaiitly for those diseases characterised by 
mental retardation, the reccmshiitani lysosomal enzyme must cross 
the btfXxMsraitt barrier in order to correct the CNS abnormalities of 
these disorders. Nevertheless, the recent cloning af the genes respon- 
sible for most of the LSDs, and the availability of both small- and 
large-animal models of these diseases, should facilitate the develop- 
ment of pre-cllnica! trials utiliang myoblast transplantation and i.m. 
injection of RdAd or plasmid vectors. 

\hcciries 

Perhaps (lie most promising application of muscle-based gene 
therapy has been the development of polynucleotide vaccines. In 
these vaccine strategies, i.m. injection of plasmid DMA vectors 
results in the production of a foreign protein thai cart serve as an anti- 
gen to stimulate humoral and/or cellular immtme responses in the 
injected boa, Polynucleotide vaccines are an ideal application of cur- 
rent muscle-based gene therapy techniques because: fl) the goal of 



pKs;iH-:ei>titte vaccines is to produce an immune response to the 
pr.-.tem: a only transient production «f ( he foreign ^ e in is needed 
in order m produce a long-term immune response: Cil only Uta crti- 
aeney. gene Enifisducnon is required; and : J; tissue speerik 

expression is not required. Thus, in thewy. carrem DNA injection 
technologies should be directly adaptable' to hmm muscle-based 
gene therapy vaccines. 

The feasibility of using direct DNA injectksD as a vacdaaawm 
approach wsss first ckaaaasBaied m mice using rhe gene enn dn g i e 
t ros rwefcop I I tk. on 

fit r-cf mot >!i'i % vr- *vs t , i, . n , t j, t i,, j ew 
nesulteid in Sue protfactisn both of amibodses agaias N? and l>? 
cytotoxic T-ceil responses. Mere itspoitanay. Ms DNA vaccimttiOB 
protocu! wnf^ired prouv f t .titsscquent chslVrge*. 

*W< i«hal doses of inilaenxa viras. Subsequently, other ^ottp* have 
developed similar p^ynvcicotide vaccines for a v-arietv of vind mfec- 

i i fit e litis B and V* 

sirrtpiicits cfScac; ■ * s \ t MA-bas laccines h is rikets 
that thej' will represent th irst targe > s ul rouscte-ba.se.1 
gene therapy in humans. 

Future prosfteeis 

Muscle-based gene therapy hoto great promise for the future, 
Bowevw.asdi«uf ed r u ',&iv cdlenges ahe&f Ft ts tmportjut 
to remember that this field is truly in its infancy and that the to»h 
available to ns remain quite crude. Current gene therapy vectors need 
to be refined and new methftfotogies must be de\elq>ed in c^der to 
tiin rfzehos Ki.iu, ij*s tnd i*J u eu tern high-level 
recombinant gene expression following direa m vivo transdtKOon of 
skeletal muscle, in addition, we need to develop novel approaches for 
the systemic delivery of recombinant genes io die large muscle mats 
of humans, as well ss regulated systems of gerte exptmmx m skel- 
etal muscle. Bach of these objectives will require much more basic 
scientifit research in the areas t>f imiramoiogv, virology and gene 
expression Finally, it is essential to design carefully and carry out 
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bete ex&M&Jg dsse (risk to patents, Given tte rajtfd recent 
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AAV-Mediated Gene Transfer for Treatment of Hemophilia 
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phia, PA 1 91 04, USA 

Abstract: Adeno-associated viral (AAV) gene transfer of coagulation factor VIII and IX to skeletal muscle and liver of 
murine and canine models of hemophilia A and B have resulted in sustained systemic expression and, in several studies, 
in complete cure of the bleeding disorder. These impressive results prompted initiation of two Phase I/II clinical trials to 
evaluate the safety of AAV -factor IX gene transfer to muscle and liver of patients with severe hemophilia B, Herein, we 
have reviewed results from studies in animals with hemophilia, early experience with the vector system in the clinic, re- 
cent innovative approaches in vector design and delivery, and strategies to circumvent immunological limitations. Taken 
together, these studies provide much encouragement for the possibility of future clinical success, but also point out hur- 
dles that still have to be overcome. 



INTRODUCTION 

Hemophilia is the X-linked bleeding diathesis caused by 
mutations in the blood coagulation factor VTII (F.VTJI, he- 
mophilia A) or factor IX (F.IX, hemophilia B) gene (Fig. 1). 
In its severe form (<1% F.Vin or F.IX activity), the disease 
is characterized by frequent spontaneous bleeding from 
joints and soft tissues. These can be fatal if bleeding occurs 
into closed critical spaces (such as an intracranial bleed). 
Hemophilia affects 1 in 5,000 male births in the United 
States, with hemophilia A being the more prevalent form 
(approximately 2/3 of patients). Conventional treatment is 
based on intravenous (IV) infusion of plasma-derived or re- 
combinant coagulation factor protein. Because of the ex- 
pense of frequent factor infusions, treatment is rarely pro- 
phylactic, with the result that bleeding is treated rather than 
prevented. Consequently, repeated damage to joints takes 
place, and the risk of a fatal bleed remains. 

There are a number of advantages of hemophilia as a 
model for treatment of genetic disease by gene transfer. As a 
result, gene therapy for hemophilia has been extensively 
pursued over Hie pasl decade [VandenDnessclie el al„ 2003 1 . 
A successful gene-based therapy would provide a continuous 
supply of functional coagulation factor through stable gene 
transfer, thereby reducing the risk of spontaneous bleeding, 
eliminating the inconvenience of frequent IV injections (and 
the possibility of infection, in particular of catheters used in 
children), and eliminating the risk of contamination of pro- 
tein products with pathogens. Clinical endpoints for efficacy 
are well defined, because of the established correlation of 
severity of disease with factor activity levels and the avail- 
ability of coagulation assays, which are routinely performed 
in the clinic [High, 2001].' Factor activity of >5% is associ- 
ated with only mild disease, while levels of 1-5% cause 
moderate disease. Therefore, a wide range of transgene ex- 
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pression would have a therapeutic effect, and tight regulation 
of gene expression is not required. Small and large animal 
models of hemophilia A and B (in form of knock out mice 
and naturally occurring canine hemophilia) are available to 
the research community [Rawle and Lillicrap, 2004]. By 
now, there is a wealth of data from different vector systems 
in these animals that can be compared. Several Phase I/II 
clinical trials in gene therapy for hemophilia have been con- 
ducted, and data from these trials as well as extensive expe- 
rience with protein-based therapy can be taken into account 
for design of future trials [Chuah et al, 2004; High, 2004]. 
Finally, a number of cell types that normally do not express 
F.VIII or F.IX can produce biologically active factors fol- 
lowing gene transfer, which provides a large number of po- 
tential target tissues for transgene expression. 

A widely pursued strategy for treatment is m vivo gene 
transfer using viral or non-viral vector systems for expres- 
sion of functional coagulation factor in a specific target tis- 
sue. Viral vectors have been most effective thus far. In par- 
ticular, adeno-associated viral (AAV) vectors have become 
favorites in many laboratories because of efficient in vivo 
gene transfer to non-dividing target cells, the ability to direct 
sustained expression (several years in canine models), and 
reduced immunogenicity compared to other vector systems 
[Couto, 2004; Flotte, 2004], First success with sustained 
expression of canine F.IX at therapeutic levels after AAV 
gene transfer to hemophilia B dogs was reported early 1999 
[Herzog etal, 1997; Snyder etal., 1999]. Muscle- and liver- 
directed gene transfer was performed in independent studies 
to accomplish this goal (Fig. 2). Prior to these studies, only 
sustained expression of sub-therapeutic or transient expres- 
sion of therapeutic levels had been reported using vector 
systems or methods of gene transfer that were unlikely ap- 
plicable to clinical practice [Kay et al, 1993; Kay et at, 
1994]. The novel AAV-based efforts led to 2 Phase I/II 
clinical trials [High, 2004]. Progress on AAV-mediated gene 
transfer for hemophilia is sirmmarized in the following. 
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Fig. (1). Coagulation cascade. The extrinsic pathway is activated upon vascular injury, leading to generation of activated factor X through the 
protease factor Vila and tissue factor. Subsequently, this pathway is shut down, and coagulation is driven by the protease factor Ka and its 
co-factor, activated factor VIII (intrinsic pathway). Activated factor X and its co-factor, factor Va, generate thrombin, which in turn promotes 
fibrin clot formation. 
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Fig. (2). Hemophilia B dogs as a key pre-clinical model for development of AAV-mediated F.K gene transfer. Vector is administered to 
skeletal muscle or liver, resulting in transduction of muscle fibers or hepaiocytes, respectively. Transduced cells secrete F.IX, thereby causing 
a vector dose-dependent increase in systemic F.IX activity. 
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AAV-IQX GENE TRANSFER TO SKELETAL 
MUSCLE 

Although FIX is normally synthesized by hepatocytes, 
other cell types such as muscle fibers have the capacity to 
produce functional FIX [Tlerzog eta!., 1999; Amida el at., 
2001b]. Muscle represents an attractive target organ for F.EX 
gene transfer for several reasons. This organ is abundant and 
easily accessible, is rich in microvasculature, vector can be 
administered using non-invasive or minimally invasive tech- 
niques, biodistribution to other tissues is limited compared 
with systemic administration, and gene transfer can safely be 
performed in patients with liver disease (Many adults with 
hemophilia were infected in the past with hepatitis B and C 
due to contamination of plasma-derived F.VTTf or FIX prod- 
ucts.)- A detailed biochemical analysis of human F.DC pro- 
duced in primary human myotubes following in vitro trans- 
duction with AAV vector was conducted. Results from this 
study document production of F.IX with specific activity 
comparable to hepatic-derived F.IX. Myotube-derived FIX 
showed high contents of y-carboxylated glumatic acid (gla) 
residues, a requirement for F.IX biological activity, and cor- 
rect cleavage of signal- and pro-peptide sequences [Arruda et 
aL, 2001b]. Other modifications such as sulfation and phos- 
phorylation were comparable or better than for recombinant 
F.IX, but lower for liver synthesized F.IX, which may ex- 
plain a half-life in the circulation that was somewhat shorter 
for hepatocyte-derived F.IX. Glycosylation patterns also 
showed some differences to F.IX made by hepatocytes. 

In initial work, it was documented that a simple intra- 
muscular (IM) injection of AAV vector directed sustained 
therapeutic levels of F.IX in mice [Herzog et aL, 1997], In 
contrast to adenoviral vectors, AAV injection into skeletal 
muscle of immune competent animals did not cause a cyto- 
toxic T lymphocyte response to the vector or the transgene 
product [Fields et aL, 2000]. Levels of expression were vec- 
tor dose-dependent and required 6-8 weeks to reach a stable 
plateau. Subsequently, scale-up of the approach was carried 
out in hemophilia B dogs, ranging in size from 5-20 kg 
[Herzog et aL, 1999], These animals, housed in the Francis 
Owens Blood Research Laboratory at UNC-Chapel Hill, 
contain a missense mutation in the F.IX gene that results in 
absence of circulating F.IX antigen (and therefore complete 
lack of F.IX coagulation activity) despite normal F.IX tran- 
script levels in the liver [Evans et aL, 1989; Herzog et aL, 
2000]. Vector was administered percutaneous at multiple IM 
sites at a single time point. The procedure was well tolerated 
by the animals without local or systemic toxicity. At that 
time, experiments had exclusively been performed with 
AAV serotype 2. While scale-up to the large animal model 
was successful, large vector doses (~10 13 vector genomes 



[vg]/kg) were required for therapeutic levels of expression 
(1-2% of normal, see Table 1) [Herzog et a!., 1999]. Dura- 
tion of expression and shortening of in vitro coagulation 
times were observed for as long as animals were followed 
f>4 years for several dogs). A plateau level of expression 
was again achieved after several weeks and was subse- 
quently sustained for 1.5-2.5 years, after which levels gradu- 
ally declined [Herzog, Nichols, High unpublished data]. 

Following successful scale-up to a canine model, a Phase 
I/H clinical trial was carried out in the form of an open-label 
dose escalation study, in which a total of 8 subjects were 
enrolled in 3 dose cohorts, with 2 patients having been 
treated at the highest dose of 2xl0 12 vg/kg [Kay etal. , 2000; 
Marmo et at. , 2003], Vector was given at multiple IM sites at 
a single time point under ultrasound guidance (to limit vas- 
cular dissemination) under coverage with F.IX protein con- 
centrate. At that time, pre-clinical studies were also success- 
ful for liver-directed gene transfer, and even pointed out a 
dose advantage for the hepatic route [Snyder et at., 1997; 
Snyder etal., 1999]. Nonetheless, muscle was an attractive 
target organ, especially for an initial trial. Beforehand, AAV 
vector had only been tested in the clinic for administration to 
airways in treatment of cystic fibrosis, but not for parenteral 
administration [Flotte, 2004], In the first subjects of the 
AAV-F.IX trial, vector administration was confined to the 
vastus lateralis portion of tire quadriceps muscle, and addi- 
tional muscles were only included as injection sites during 
dose escalation [Manno et aL, 2003]. Liver disease was not 
contra-indicative for muscle gene transfer (many adults with 
hemophilia had contracted hepatitis B and C viral infections, 
see above). Furthermore, gene transfer to a major organ was 
avoided, and the risk of gennline transmission of vector se- 
quences (an issue raised by the regulatory agencies) had been 
defined as low [Arruda et aL, 2001a]. The excellent safety 
profile of the vector system in pre-clinical studies translated 
to the clinical trial, demonstrating lack of local or systemic 
toxicity associated with gene transfer, lack of inflammation 
of transduced muscle, and lack of vector sequences in semen 
samples (Table 2) [Manno et aL, 2003]. In order to decrease 
the risk of an immune response to the transgene product, 
only subjects with F.IX missense mutations and no history of 
inhibitor formation were enrolled, and the vector dose per 
site of injection was limited to 1x1 0 12 vg. Formation of in- 
hibitory antibodies ("inhibitors") to F.VTH or F.IX are a 
great concern in treatment of hemophilia, and occur with a 
frequency of 20-30% in hemophilia A and with 3-4% in he- 
mophilia B in protein therapy [Herzog and Dobrzynski, 
2004; Ragni, 2004]. Nonetheless, none of the patients par- 
ticipating in the AAV trials formed antibodies to FIX after 
gene transfer. All 8 subjects had clear evidence for gene 



Table 1. Comparison of Efficacy of AAV-F.IX Gene Transfer Protocols in Hemophilia B Dogs 



Portal or Mesenteric vein 
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transfer when muscle tissue obtained from biopsy was ana- 
lyzed by immunohistochemical F.IX stain and DNA analyses 
(up to 4 vector copies per diploid genome as determined by 
Southern blot) 2-10 months after vector administration 
[Manno etal, 2003]. Molecular forms seen on Southern blot 
were consistent with episomal forms (including monomelic 
circles) and high molecular weight forms (including con- 
catemers, Table 2). Experiments in mouse muscle have 
shown that much of the vector persists episomally as mul- 
timeric circles, and evidence for integration of vector ge- 
nomes into chromosomal DNA of muscle has not been ob- 
tained to-date [Duan et al, 1 998; Sctmepp et al, 2003]. 

Table 2. Similarities Between Muscle-directed F.IX Gene 
Transfer In Animal Models and Humans 



• Lack of local toxicity 

• Lack of inflammation 

• Tropisra toward si ow twitch fibers 

• Co-localization of F.IX/slow myosin and HSPG expressing fibers 

• Extra-cellular F.IX expression that co-localizes with collagen IV 

• Identical molecular forms (concatamers, circles, high molecular 
weight forms) 

• Lack of vector sequences in semen 



Interestingly, gene transfer was also observed in subjects 
with neutralizing antibody (NAB) titer to AAV-2 capsid 
prior to AAV-F.IX injection [Manno et al, 2003]. As pre- 
dicted from animal studies, the vector showed a strong tro- 
pism toward slow-twitch muscle fibers, which express 
Heparan sulfate proteoglycan (HSPG), the primary receptor 
for AAV-2 [Prachmc et al, 2000; Manno et al, 2003]. 
While some subjects showed minor elevation in F.IX activity 
and reduced usage of factor products for treatment of bleeds, 
vector doses administered in the trial were clearly insuffi- 
cient to reliably achieve F.IX levels >1% of normal. Further 
dose escalation is complicated by the large number of sites 
that would have to be injected (~90 sites were already re- 
quired at the highest vector dose tested thus far). For several 
reasons, it is unlikely that the vector dose per site can be 
further increased. Over-saturation of the injection site with 
vector only marginally increases transduction, over expres- 
sion of F.IX by muscle cells results in decreased specific 
activity, and high local F IX antigen levels in muscle can 
increase the risk of inhibitor formation [Arruda et al , 2001b; 
Herzog etal., 2002]. 

A number of innovative approaches have been under 
taken in order to improve efficacy and safety of muscle- 
directed F.IX gene transfer. In contrast to hepatic gene trans- 
fer (see below), vector injection to skeletal muscle often re- 
sults in CD4 + T cell-dependent antibody formation to F.IX in 
animals that lack tolerance to the F.IX transgene product, 
which likely represents a local immune response in the 
transduced tissue [Herzog et al, 1997; Fields et al, 2000; 
Fields et al, 2001; Herzog et al, 2001; Nathwani et al, 
2001; Herzog et al, 2002], Depending on vector dose and 
F.IX mutation, this adaptive immune response may cause 
prolonged inhibitor formation, primarily driven by activation 
of the Th2 subset of T helper cells. 



Consistent with data from protein therapy in humans, 
animals with gene deletions or nonsense mutations have a 
greater risk of inhibitor formation in muscle gene transfer 
than those with missense mutations [Herzog et al, 1999; 
Fields et al, 2001; Herzog et al, 2001; Ljung et al, 2001; 
Herzog, 2001b; Jin et al, 2004; Sabatino et al, 2004]. In 
order to investigate the possibility of blocking such immune 
responses, a murine F.IX transgene was introduced into he- 
mophilia B mice containing a large F.IX gene deletion 
(which results in absence of detectable transcript and anti- 
gen) [Lin etal, 1997]. After IM injection of AAV-2 vector, 
hemophilia B mice readily developed inhibitors (predomi- 
nantly IgGl anti-F.IX) within 1 month at doses up to 4xl0 !2 
vg/kg [Fields etal, 2001], 

This animal model was used to test the hypothesis that 
transient immune suppression may block lymphocyte re- 
sponses, thereby allowing sustained transgene expression. 
Adimiristration of anti-CD40L s CTLA4-Ig, cyclosporine and 
FK506 gave suboptimal results at the tested doses and injec- 
tion schedules [Fields et al, 2001]. On the other hand, cy- 
clophosphamide, an immune suppressant that has been suc- 
cessfully used in immune tolerance regimens for inhibitor 
patients, was shown to be effective [Nilsson et al, 1973; 
Nilsson et al, 1988; Mayumi et al, 1996; Fields et al, 
2001], In hemophilia B mice, the effective dose was 50 
mg/kg (given bi-weekly for 6 weeks). In hemophilia B dogs 
(including an animal with a F.IX nonsense mutation), 7-10 
mg/kg cyclophosphamide resulted in complete blockade of 
anti-FJX formation [Herzog et al, 2001; Herzog et al, 
2002; Arruda et al, 2005]. In both models, F.IX expression 
was subsequently sustained without emergence of an inhibi- 
tor. This protocol was also effective m the context of vascu- 
lar delivery of AAV-F.IX vector to hemophilia B dogs (see 
below) [Arruda et al, 2005]. As a DNA alkylating agent, 
cyclophosphamide is cytotoxic to proliferating T and B cells, 
its immune modulating effectiveness thus likely involves a 
clonal deletion mechanism. Interestingly, while the drug was 
effective in preventing antibodies, there was no significant 
effect on neutralizing antibody (NAB) formation to the vec- 
tor [Herzog et al, 2001], 

With regard to vector development, F.IX expression has 
been further strengthened compared to the predominantly 
used CMV I.E. enhancer/promoter driven cassette by incor- 
poration of elements from human skeletal actin and a syn- 
thetic muscle-specific promoter [Hagstrom et al, 2000; Liu 
etal. , 2004]. The latter allows for myocyte-specific expres- 
sion at levels of 30-50% of CMV, while a combination of 
CMV enhancer and muscle-specific elements improve ex- 
pression up to 250%. Of note, use of a muscle- specific pro- 
moter does not eliminate the risk of inhibitor formation, an 
MHC class II restricted pathway of lymphocyte activation 
that does not require de-novo synthesis of F.LX by antigen 
presenting cells [Liu et al, 2004] . 

More dramatic increases in F.IX transgene expression 
after IM injection of vector have been reported for use of 
alternate serotypes, which entails pseudotyping of the AA V- 
2 vector genome in the capsid of a different serotype. AAV-1 
and AAV-6 based vectors directed 3- to 2-log increase in 
systemic F.IX expression compared to AAV-2 [Xiao et al, 
1999; Chao et al, 2000a; Arruda et al, 2004a]. These vec- 
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tors efficiently transduced fast-twitch muscle fibers, and 
AAV-1 has been shown to confer a similar dose advantage in 
the canine model as seen in mice [Arruda etal. , 2004a]. Un- 
fortunately, the increase in F.IX expression was also associ- 
ated with an increased risk of inhibitor formation as dis- 
cussed above. This immune response has thus far prevented 
sustained therapeutic expression in a large animal model. 
However, data in mice also demonstrate that high vector 
doses, resulting in ug/ml levels of expression in plasma, may 
down-regulate or even eliminate inhibitor formation [Chao et 
al, 2001; Arruda et al, 2004a; Wang et al. 2005a]. These 
observations reveal a complex interaction of target tissue, 
antigen dose, and lymphocyte activation that requires further 
study. Finally, incorporation of novel variants of F.IX with 
decreased binding to the extracellular matrix of muscle fibers 
or with increased specific F.IX activity provides additional 
tools for increased efficacy of muscle-derived F.IX expres- 
sion [Schuttrumpf etal. 2005], 

In addition to improvements in vector design, delivery 
techniques may hold the key for optimal therapy. A substan- 
tial increase in efficacy of muscle-directed AAV-F.fX deliv- 
ery has recently been documented for local vascular delivery 
[Arruda et al, 2005], Serotype 2 vector was delivered to 
skeletal muscle of a hind leg in hemophilia B dogs by means 
of surgical limb perfusion; a technique applied clinically for 
safe administration of high doses of anti-cancer drugs. Ar- 
ruda and Stedtman adapted this method to F.IX gene transfer 
by combining 3 components: isolation of the leg vasculature, 
perfusion of drugs (histamine and papaverine) to increase 
vascular permeability and vasodilatation, and perfusion of 
AAV vector. The method required application of a tourni- 
quet and access to femoral artery and vein for vascular isola- 
tion and perfusion (Fig. 3B). The result was an impressive 
widespread transduction of several leg muscle groups and 
therapeutic levels of expression (4-14% of normal in 3 he- 
mophilia B dogs transduced with 3xl0 12 vg/kg), thus repre- 
senting a 10- to 30-fold improvement in efficacy over IM 
injections (Table 2 and Fig. 3A). Additional advantages of 
this protocol include local delivery to a defined set of mus- 
cles, full biological activity of myofiber-derived F.IX (be- 
cause expression is spread over many fibers), and efficacy 
comparable to hepatic gene transfer. Furthermore, efficacy 
appears similar for different AAV serotypes (H. Stedman, 
personal communication). Disadvantages include require- 
ment for transient immune suppression (using cyclophos- 
phamide) to prevent inhibitor formation, and risks associated 
with infusion of histamine (systemic delivery of which has to 
be avoided). In most recent studies, vector was delivered 
through an "anterograde" intravenous infusion using hydro- 
dynamic pressure instead of dings, to achieve sufficient vas- 
cular permeability. This approach resulted in even greater 
efficacy, and may therefore be the method of choice for 
clinical application [Arruda, Stedman, Nichols, and High, 
unpublished observations]. 

AAV-F.IX GENE TRANSFER TO THE LIVER 

AAV vectors were initially viewed as inefficient for 
transduction of liver, the normal site of biosynthesis for 
F. VIII and F.IX. However, work by Snyder and Kay showed 
that a combination of proper choice of promoter and route of 
vector administration (portal vein) yielded adequate trans- 
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Fig. (3). Vascular delivery of AAV vector to skeletal muscle by 
isolated limb perfusion (ILP). A. ILP results in substantially more 
widespread and homogenous gene transfer (blue area in hind limb), 
(hereby providing higher F IX levels and full biological activity. B. 
ILP procedure. A tourniquet is applied, and the leg vasculature is 
isolated and subsequently perfused (arrows) with papaverine, his- 
tamine, and AAV vector. 

duction of hepatocytes and high levels of F.IX expression 
from an AAV-2 vector [Snyder et al, 1997]. Once intro- 
duced into the hepatic circulation, the vector has a strong 
tropism for hepatocytes, resulting in initial infection of a 
high percentage of cells, and ultimately stable gene transfer 
to -5% of hepatocytes (at vector doses of 5x10 -10 13 vg/kg) 
[Snyder et al, 1997; Miao et al, 2000a]. Levels of F.LX 
transgene expression per administered vg were ~50-fold 
higher than for IM injection. This dramatic gap in dose ad- 
vantage in favor of liver has only recently been closed by 
development of new delivery methods and AAV serotypes 
for transduction of muscle. 

In contrast to skeletal muscle fibers, which represent a 
truly postmitotic cell type, hepatocytes have a capacity for 
cell division in vivo. Experiments based on partial hepatec- 
tomy have shown that integration of the vector genome oc- 
curs on average in only 5% of those hepatocytes that show 
stable AAV transduction, whereas the remaining 95% main- 
tain the vector genome in episomal forms [Nakai et al, 
2001]. Therefore, the overall frequency of integration is ap- 
proximately 1 in 400 hepatocytes. Integration is generally 
random (the vector does not retain the ability of wild-type 
virus for rep-mediated site-specific integration), but has a 
preference for transcriptionally active genes [Nakai et al, 
2003a]. 
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Although FTX transgene expression is derived from only 
a small proportion of total hepatocytes, full biological activ- 
ity of the transgene product has been observed over a wide 
range of doses (including super-physiological levels) [Nakai 
et al, 2002]. Levels were sustained for the lifetime of a 
mouse, and for the duration of experiments in hemophilia B 
dogs (>4 years) [Herzog, Lothrop, Nichols, Kay, and High, 
unpublished observations]. 

For high levels of hepatocyte-restricted FIX, the pro- 
moter from the human oci-antitrypsin (hAAT) gene com- 
bined with enhancer elements from the human apolipopro- 
tein E (ApoE) gene proved to be superior [Miao et al, 
2000b]. Additional elements of the expression cassette typi- 
cally include intron and polyadenylation signals. Both col- 
umn and CsCl gradient purified vectors were shown to be 
efficacious [Nakai et al, 2002]. One issue in hepatic gene 
transfer is the ability to remove excess of "empty" vector 
particles, i.e. viral capsids that do not contain a genome, 
which could decrease transduction with packaged genomes. 

Sustained expression (months to several years) of thera- 
peutic F.IX levels has been reported in hemophilia B dogs 
(using a canine transgene) and in non-human primates (using 
the human transgene) J Snyder el al, 1999; Wang et al, 
2000; Mount era/., 2002; Nathwani etal., 2002], These suc- 
cesses in large animal models were based on infusion of 
AAV-2 vector through portal or mesenteric veins (under 
coverage with normal plasma for experiments in hemophilic 
animals), and illustrate that comparatively low vector doses 
can be effective for F.IX expression in a large animal model. 
Moreover, sustained expression without inhibitor develop- 
ment was achieved even in animals with a F.IX null muta- 
tion [Mount et al, 2002]. Experiments in mice and dogs 
have yielded efficacy in animal models that consistently 
showed inhibitor formation in the context of muscle-directed 
gene transfer [Snyder et al, 1999; Wang etal, 1999; Nath- 
wani et al, 2001; Mount et al, 2002], A detailed study in 
mice demonstrated that the hepatic route induces antigen- 
specific immune tolerance to the F.IX transgene product 
[Mingozzi et al, 2003]. Tolerance was obtained in adult 
mice and was maintained even after rigorous challenge with 
F.IX protein formulated in adjuvant, A level of systemic 
transgene expression of approximately 1% of normal F.IX 
levels was required for tolerance induction, indicating a 
match between tolerogenic and therapeutic levels. Tolerance 
induction is associated with lack of B and T helper cell re- 
sponses to the F.IX antigen and activation of regulatory 
CD4 + T cells capable of suppressing antibody formation to 
F.IX after adoptive transfer. Analogous studies with an oval- 
bumin transgene in T cell receptor transgenic mice provided 
direct evidence for CDC T cell tolerance (T cell anergy and 
subsequently clonal deletion, likely through apoptotic cell 
death) [Dobrzynski et al, 2004]. It should be pointed out 
that the success rate of tolerance induction to F.IX by hepatic 
gene transfer is influenced by genetic determinants of the 
recipient of gene transfer and is facilitated by endogenous 
F.IX expression [Mingozzi et al, 2003], Nonetheless, these 
results are encouraging for treatment of hemophilia as well 
as other diseases that require systemic protein delivery. For 
example, data from murine models of lysosomal storage dis- 
eases also indicate that a certain level of hepatic expression 



has a tolerogenic effect, thereby allowing for sustained sys- 
temic delivery of the transgene product [Ziegler etal, 2004], 

A liver-directed AAV-F.IX Phase MI clinical trial was 
designed, based on a large body of pre-clinical data, includ- 
ing the above mentioned sustained therapeutic expression in 
hemophilia B dogs [Kay et al, 2002]. In each of three dose 
cohorts (2x10" vg/kg, lxIO 12 vg/kg, 5xl0 12 vg/kg), 2-4 
subjects would be enrolled. The trial was designed to mini- 
mize the number of subjects treated at sub-therapeutic doses, 
a concern since the vector cannot be re-administered because 
of NAB formation. If a dose showed neither efficacy nor 
toxicity, enrollment would be limited to two subjects, and if 
either was observed, the cohort would be expanded or the 
dose lowered, as appropriate. Because of differences in 
methods used to determine vector titer, the highest vector 
dose in the clinical trial correlated with a vector dose used in 
canine models of approximately 2.5xl0 12 vg/kg, which 
would yield F.IX levels > 10%, if expression in hemophilia B 
dogs were predictive of gene transfer in humans. In contrast 
to muscle-directed gene transfer, enrollment was not limited 
to subjects with F.IX missense mutations, and strict exclu- 
sion criteria were created for subjects that had been infected 
with hepatitis virus (active disease or viral replication). 

The vector used in the trial (AAV-ApoE/hAAT-hF.IX) 
was analogous to the one developed for the canine studies, 
with the F.IX cDNA, interrupted by a fragment of human 
F.IX intron 1, under the control of a liver-specific promoter 
(the human a r antitrypsin promoter, coupled to the apolipo- 
protein E enhancer and a fragment of the hepatic locus con- 
trol region). The trial began in August 2001, when the first 
subject was enrolled at The Children's Hospital of Philadel- 
phia [High, 2004]. Vector was infused via a catheter intro- 
duced into the femoral artery and threaded under fluoroscopy 
into the hepatic artery. A total of seven subjects were en- 
rolled. During the early phase of the trial, vector sequences 
were transiently detected in the semen for a period of several 
weeks after vector administration. A potential risk of in vivo 
gene transfer is that the donated DNA sequences could inad- 
vertently be incorporated into germ cells (i.e. spermatocytes 
in male patients). The trial was initially halted, and addi- 
tional studies showed that the subject's semen was positive 
for a period of 10 weeks, with PCR signal intensity gradually 
diminishing until it completely disappeared. When AAV 
vector was injected intravenously in animals, there was a 
dose-dependent likelihood of PCR-detectable sequences in 
semen DNA, but all animals eventually cleared vector from 
the semen, consistent with transient vector shedding rather 
than germline transduction. Following these findings, the 
trial resumed, and therapeutic levels of transgene express i< i 
were reported at appropriate vector doses [High, 2004], A 
second, perhaps less expected adverse event was transient 
Iransarriirutis, which upon subsequent analysis has been in- 
terpreted as an immune-mediated event [High et al, 2003]. 
However, none of the subjects developed an antibody to 
F.IX. 

It is important for future clinical success to understand 
that humans, as opposed to most animal models currently 
available for pre-clinical studies, are natural hosts for AAV. 
In contrast to vectors, natural infection may occur in the 
presence of a helper virus [Hernandez et al, 1999]. The im- 
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pact of pre-existing/memory T cell responses to AAV thus 
deserves more extensive investigation. Additionally, AAV 
serotypes 1-8 (with the exception of AAV-5) are at least 
75% similar on the amino acid level, which raises the ques- 
tion of the existence of conserved T cell epitopes [Gao et al. , 
2003; Gao et al, 2004]. With regard to B cell responses, 
there is now accumulating evidence in different experimental 
systems that hepatic gene transfer through a vascular route is 
completely blocked even in the presence of moderate NAB 
titers [Scallan et al, 2004]. Estimates of the prevalence of 
seropositivity and NAB to AAV serotype 2 vary substan- 
tially depending on assays used in the respective study, but is 
generally believed to be high (50-96% seropositivity, which 
increases with age during childhood) [Chirmule et al, 1999; 
Erles et al. , 1 999], Only subjects with very low NAB may be 
treatable by hepatic gene transfer, unless vector capsid or the 
delivery technique is modified to overcome this problem. 

Unlike in muscle, levels of F.IX transgene expression 
after hepatic gene transfer with vector genomes packaged 
into capsids of alternate serotypes 1-6 are similar to AAV-2 
(with the exception of AAV-4, which shows weak tropism to 
liver) [Grimm et al, 2003]. Most serotypes show reduced 
efficacy for peripheral vein (i.e. tail vein in the mouse) com- 
pared to portal vein injection in mouse models [Mingozzi et 
al, 2002; Grimm et al, 2003], AAV-6, however, appears to 
yield similar levels with both routes of administration. More 
pronounced increases in gene transfer are observed with 
novel AAV serotypes more recently isolated from tissues of 
non-human primates. In particular, AAV-8 has been shown 
to yield liver-derived levels of transgene expression 10-100- 
fold higher than serotypes 1-6, at least in mice [Gao et al, 
2002]. Reports about efficacy of AAV-8 for hepatic F.VUI 
or F.IX expression in large animal models (canine and non- 
human primate) are somewhat conflicting between different 
laboratories, but overall assessment suggest that the robust 
dose advantage documented for AAV-8 in mouse liver may 
not be seen in other species [Seventh National Hemophilia 
Foundation workshop on gene therapies for hemophilia, 
2004, Children's Hospital of Philadelphia, Philadelphia, PA]. 
Nonetheless, efficacy of AAV-8 vector expressing F.IX has 
recently been demonstrated in the context of re- 
administration to hemophilia B dogs previously treated with 
AAV-2 vector [Wang et al, 2005b] . 

Since infection of a large portion of hepatocytes with 
AAV vectors only results in stable transduction of a limited 
number of cells (2-20% of hepatocytes, depending on sero- 
type and vector dose, often with very high doses required to 
achieve 10-20%), much effort has been devoted to under- 
stand steps that are limited to transduction. AAV vectors 
contain single-stranded DNA genomes, which have to be 
converted to a double-stranded form in the nucleus of the 
target cell in order to obtain transcriptional activity. While it 
has been surmised for several years that the slow rise in 
transgene expression to a plateau (6-8 weeks in muscle and 
3-5 weeks in liver) is due to slow generation of double- 
stranded forms, the reason for these kinetics have been ob- 
scure until recently. AAV vector particles persist in target 
celts for several weeks with the genome protected in the viral 
capsid. Therefore, uncoating appears to be a major rate- 
limiting step, and vectors derived from those serotypes with 
capsids that uncoat faster after transduction achieve more 
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rapid and ultimately higher levels of F.IX transgene expres- 
sion [Thomas et al, 2004]. This has been demonstrated best 
for AAV-8 gene transfer to the liver. Once uncoating has 
occurred, the single-stranded genome is either degraded or is 
converted to a double-stranded form through annealing or 
second-strand synthesis [Nakai et al, 2000b; Zhoug et al, 
2004b]. Two strategies have been proposed to facilitate for- 
mation of a stable double-stranded form. First, AAV inverted 
terminal repeats can be engineered to allow formation of a 
double-stranded genome, provided that the insert is designed 
as a repeat of 2 identical ~2.3-kb expression cassettes, with 
one being the reverse complement sequence of the other 
[McCarty et al, 2001; McCarty et al, 2003]. These self- 
complementary sequences can be packaged, since the overall 
DNA content is not greater for a single-stranded 4.7-kb vec- 
tor. Upon transduction, the genome forms a double-stranded 
molecule without a need for second strand synthesis. As a 
consequence, a larger number of target cells show transgene 
expression. In order to fit a F.IX expression cassette into a 
self-complementary vector, the construct has to be trimmed 
down (the F.IX coding sequence is 1.4 kb), which provides a 
challenge for vector design (the construct will only be ad- 
vantageous if the gain in transduction efficiency is not ne- 
gated by a loss in F.IX expression per vector genome, which 
may occur if promoter strength or other elements of the ex- 
pression cassette have to be compromised). A second strat- 
egy introduced recently is based on the observation that 
binding of a cellular protein (FKBP52) to AAV-2 ITRs, 
regulates the amount of transcriptionally active, double- 
stranded forms [Qing et al, 2003]. In a de-phosphorylated 
state, FKBP52 does not bind ITR sequences, allowing for 
conversion of the single-stranded vector genome to a double- 
stranded form. Introduction of T-cell protein tyrosine phos- 
phatase (TC-PTP) protein to hepatocytes via co-transduction 
with a second, self-complementary AAV vector, therefore 
enhances transduction and transgene expression [Zhong et 
al, 2004a]. 

FACTOR VEU GENE TRANSFER WITH AAV 
VECTORS 

Because of its large molecular weight and the need for 
stabilization with von Willebrand factor, F.VTII transgene 
expression has largely been pursued in the context of hepatic 
gene transfer. F.VUI, although circulating at low concentra- 
tion (normal levels are 100-200 ng/ml instead of 5 ug/ml in 
the case of F.IX), has been more difficult to express at thera- 
peutic levels. The challenge is amplified by the large size of 
the cDNA and the packaging limit of AAV vectors. Fortu- 
nately, a large portion of the F.VUI molecule (the B-domain) 
can be deleted while maintaining biological activity. Fur- 
thermore, clinical use of recombinant B domain-deleted 
(BDD) F.VUI has not shown an increased risk of inhibitor 
formation compared to products based on the full-length 
molecule [Lusher et al, 2003]. However, even a BDD F.VTII 
cDNA is -4.3 kb in length, which means that a single chain 
vector can only accommodate a small promoter and minimal 
intron and polyadenylation sequences (Fig. 4A). Several 
such constructs, e.g. utilizing minimal sequences from the 
promoter of the transthyretin gene, have been described 
[Chao et al, 2000b; Sarkar et al, 2000; Scallan et al, 
2003a]. Generally, high vector doses (AAV-2 serotype) of 
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4x1 0 12 - 2xl0 13 vg/kg were required to obtain F.VIII activity 
levels of 2-4% of normal in hemophilia A mice and dogs 
[Sarkar et al, 2003; Scallan et al, 2003a]. In order to over- 
come AAV packaging constraints, several dual vector strate- 
gies have been developed (Fig. 4B-D). One approach takes 
advantage of the molecular biology of the AAV vector ge- 
nome, which can form concatemers through intermolecular 
recombination (likely as a result of end joining, Fig. 4B) ' 
[Nakai et al. , 2000a; Nakai et al , 2003b] . It is therefore pos- 
sible to co-administer one vector comprised of a strong pro- 
moter, the 5' end of the F.VIII cDNA, and a splice donor 
site, with a second vector encoding a splice acceptor site, the 
3' end of the F.VIII cDNA, and a polyA signal. After re- 
combination resulting in head-to-tail heterodimer formation 
and cis-splicing, a transcript is formed expressing a func- 
tional F.VHI molecule [Chao et al, 2002]. While F.VTU ac- 
tivity can be obtained with this method following hepatic 
gene transfer, efficacy is lower with the single vector ap- 
proach. This may be explained by inefficiency of co- 
transduction, of concatemer formation, of formation of a 
"correct" concatemer with the two vector genomes in tandem 
orientation as required for expression, or of transcription 
through the ITR region. 

A second dual vector strategy, which has been quite suc- 
cessful at least in hemophilia A mice, is the expression of 
heavy chain (Al, A2, and A3 domains) and light chain (CI 
and C2 domains) of F.VIII from 2 separate vectors (Fig. 4C) 
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[Burton et al, 1999]. A fraction of these molecules (5-10%) 
assemble to functional BDD-F.VIII, thereby providing he- 
mostasia [Scallan et al., 2003b]. Co-administration of heavy 
and light chain vectors to muscle and liver of hemophilia A 
mice has been used to achieve 30% of normal F.VIII activity 
to complete correction of the coagulation defect [Mah et al, 
2003; Scallan et al, 2003b]. In fact, superphysiological 
F.VIII activity was achieved by hepatic gene transfer [Burton 
era/., 1999; Scallan et al, 2003b]. Co-transduction of target 
cells with both vectors is essential for success, since the 
functional molecule assembles intracellularly, but not after 
secretion of individual chains [Mah et al, 2003]. A disad- 
vantage of this method is the production of a large amount of 
non-functional F.VIII fragments, in particular of the light 
chain, which are produced at 25- to 100-fold higher levels 
than the heavy chain [Scallan et al, 2003b]. Interestingly, 
this did not result in an immune response when human 
F.VIII (hF. VHI) heavy and tight chains were expressed after 
hepatic transduction in immune competent C57BL/6 mice, 
while single chain vector expressing BBD hF.VIII caused an 
antibody response to hF.VIII (although this response was 
down-regulated over time) [Burton et al, 1999; Chao et al, 
2000b; Chao and Walsh, 2001], This may be explained by 
the high level of antigen expression with the dual vector 
system, which, similar to hepatic FIX expression, may be 
tolerogenic. Nonetheless, overproduction of F.VIII mole- 
cules through this approach and the possibility of toxicity to 
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Fig. (4). Strategies for AAV-mediated F.VIH gene transfer. A. Single chain, B-domain deleted (BDD) vector. B. Dual vector for recombina- 
tion and cis-splicing C. Dn d . - tor e pi - ;ing heavy and light chain separately. Post-translation, flic 2 chains assembly intracellularly to a 
functional molecule. D. Single vector expressing a pre-trans-splicing molecule (PTM), This strategy relies on presence of an endogenous 
F.VIII transcript in order to obtain a F.VIII mRNA encoding a functional protein after trans-splicing. 
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transduced cells may have to be studied in further detail. 
Alternatively, the vector could be engineered to decrease 
expression of the light chain. 

A third experimental strategy toward F. VHI expression is 
based on trans-splicing (Fig. 4D) [Chao et al, 2003]. In this 
case, a single vector is used to express a "PTM" ("pre-trans- 
splicing molecule", the 3' portion of the F.VIII cDNA pre- 
ceded by a splice acceptor site and an optimized sequence 
for base pairing with endogenous F.VIII RNA for assembly 
of spliceosome and subsequent trans-splicing). Requirements 
for this strategy are presence of a F.VUI transcript in the 
hemophilia A subject and the ability to place the splice site 
5' to the mutation, in order to restore an mRNA encoding a 
functional F.VIII protein. F.VUI expression ultimately re- 
mains under control of the endogenous gene locus and pro- 
moter. Two strains of hemophilia A mice had originally been 
generated by Kazazian and colleagues by targeted disruption 
of exon 16 or 17 [Bi et al. , 1995]. While these animals com- 
pletely lack F.VIII activity, a transcript and a truncated pro- 
tein are expressed, which made it possible to test the trans- 
splicing strategy [Sarkar et al, 2000]. Partial restoration of 
coagulation activity was accomplished by hepatic gene trans- 
fer with an adenoviral vector, thereby providing proof-of- 
principle in vivo that the method works [Chao et al, 2003]. 
Several limitations remain, such as requirement for an en- 
dogenous transcript, relative inefficiency of trans-splicing 
compared to cis-splicing, rate limitation of endogenous tran- 
scription as determined by the strength of the cellular F.Vm 
promoter, and number of cells that can be targeted by gene 
transfer. It is thought that F.VIII is normally produced by 
hepatocytes and endothelial cells (although the relative con- 
tributions of these cell types toward total F.VUI levels are 
unclear) [Do et al, 1999; Sarkar et al, 2000]. Success of 
ongoing work with AAV vectors targeting hepatocytes will 
likely depend on the relative contribution of hepatocytes to 
F.VIII production and the ability to transduce these cells in 
sufficient numbers, which could be facilitated by novel se- 
rotypes such as AAV-8. Subsequently, trans-splicing can be 
tested in the canine model of hemophilia A, which is char- 
acterized by an aberrant F.VIII transcript due to a chromo- 
somal inversion (which affects exons 23-26) similar to 
prevalent mutation in the human patient population [Lakich 
etal, 1 993; Hough et al. , 2002; Lozier era/., 2002]. 

Sustained, but low level of correction of hemophilia A 
has been reported by hepatic gene transfer of single chain 
AAV-2 vector expressing murine F.VUI [Sarkar et al., 
2003]. Similarly, sustained expression of canine F.VIII in 
hemophilia A dogs (2-4%) has been reported, which required 
high vector doses (vide infra) [Scallan et al., 2003a]. Both 
studies did not include immune suppression. In the canine 
study, one of two dogs developed a transient inhibitory anti- 
body (weeks 2-9 after gene transfer), similar to a transient 
inhibitor described for muscle-directed FIX gene transfer in 
canine hemophilia B [Herzog et al, 1999; Scallan et al, 
2003a]. The availability of two lines of hemophilia A dogs 
with identical mutation, but different susceptibility to in- 
hibitor formation (likely due to genetic differences), may aid 
in assessment of the risk of immune responses in F.VIII gene 
transfer [Rawle and Lillicrap, 2004]. 
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Independent of whether a single or dual vector design is 
applied, each system has significant limitations that may, 
however, be overcome by improvement in AAV vector de- 
sign. While the packaging limit of the vector genome has 
been unchanged thus far, alternative capsid sequences de- 
rived from novel AAV serotypes have substantially in- 
creased Iropism of the vector toward different tissues, in- 
cluding liver. To this end, a novel serotype isolated from 
rhesus macaques, namely AAV-8 (vide infra), has shown 
robust increases in hepatocyte-derived transgene expression 
(10- to 100-fold compared to AAV-2 in mouse models) [Gao 
etal. , 2002]. Using a single chain vector or the heavy/light 
chain dual vector system, Sarkar et al, achievel super- 
physiological levels of F.VIII expression and complete phe- 
notypic correction of murine hemophilia A [Sarkar et al, 
2004]. This was evident by in vitro F.VIII activity assays and 
by in vivo challenge to hemostasis. In this case, a canine 
transgene was chosen, which facilitates coagulation assays 
because of higher specific activity compared to human or 
murine F.VUI. As discussed above for hemophilia B, effi- 
cacy of new AAV serotypes in large animals awaits further 
investigation. Nonetheless, the impressive results of this 
study illustrate the potential of improvements in AAV vector 
design for treatment of genetic disease. 

FACTOR VHa GENE TRANSFER 

As discussed earlier, treatment of hemophilia is compli- 
cated by inhibitor formation, which occurs in a subset of 
patients depending on genotype and other factors [Ragni, 
2004]. In an effort to provide treatment to these patients, a 
reagent has been developed in the form of activated factor 
F.W (F.Wa) that allows bypass of the intrinsic F. VIII- and 
F.IX-dependent pathway [Hedner, 2001]. Coagulation fac- 
tors circulate as inactive zymogens, which become activated 
through specific proteolytic cleavage. F.VHa normally gen- 
erates activated factor X (F.Xa) in a tissue factor-dependent 
reaction as part of the extrinsic pathway (Fig. 1). This reac- 
tion occurs after release of tissue factor following vascular 
injury. The extrinsic pathway is eventually shut down by 
tissue factor pathway inhibitor (TFPI), at the time when the 
intrinsic pathway drives generation of I'.Xa through the en- 
zyme activated FIX and its co-factor, the activated F.VIII. 
When recombinant F.VTIa is administered IV at high doses, 
FXa is generated in sufficient amounts to drive clot forma- 
tion and stop bleeding in a hemophilic patient, even in the 
presence of an inhibitor to F.VIII or F.IX [Hedner, 2001; 
Shapiro, 2001]. It is therefore feasible that this approach can 
be adapted to gene transfer. The challenge is to safely pro- 
duce sufficiently high levels of F.VHa, in order to achieve 
hemostasis without causing a high risk for thrombosis. High 
and colleagues engineered an AAV vector encoding F.VHa 
by inclusion of PACE/Furin proteolytic cleavage sites in the 
F.VH coding region, which resulted in secretion of the acti- 
vated form of the molecule [Margaritis et al, 2004]. After 
hepatic gene transfer to hemophilia B mice with high doses 
of AAV-2 vector, restoration of hemostasis was demon- 
strated by shortened coagulation times and reduced blood 
loss in a tail c ln> assaj I Margaritis el al, 2004], Attractive 
features of this system include applicability to hemophilia A 
and B, treatment of patients with inhibitors, and expression 
of a self-protein, thereby eliminating the need for tolerance 
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induction. An obvious concern is a risk for thrombosis. It 
will therefore be necessary to determine the maximum dose 
that can safely be administered, and it may be important to 
include a molecular switch into the vector construct. 

CONCLUSION 

Recent years have provided first experience with AAV- 
mediated treatment of hemophilia and gene transfer to 
skeletal muscle and liver; important target organs for several 
genetic disorders. The ability of the vector to efficiently 
transfer genes to these targets in vivo and to direct sustained 
expression has been illustrated in large animal and clinical 
studies. Successes in murine and canine models of hemo- 
philia A and B have been spectacular, resulting in long-term 
correction of the bleeding disorder. Moreover, use of the 
AAV vector system demonstrated the ability to induce im- 
mune tolerance to the transgene product by in vivo gene 
transfer. Innovations in vector design, delivery techniques 
and novel capsid sequences provide further improvement of 
the system. However, not all problems are solved yet to as- 
sure future clinical success. In terms of pre-clinical efficacy 
studies, efficient AAV-mediated F.VHI gene transfer still 
has to be achieved in a large animal model. For clinical ap- 
plication, and the fact that the human immune system is 
typically experienced to AAV capsid antigens remains a 
concern, both with regard to B and T cell responses to epi- 
topes present or even shared between current serotypes. 
Should gene transfer have to be supplemented with immune 
suppression to prevent responses to the vector or the trans- 
gene product, safety in those subjects that are HIV and/or 
hepatitis positive would be a concern. Even so, the demon- 
strated ability of AAV vectors to transduce human cells after 
in vivo administration combined with cures in small and 
large animal models of hemophilia, strongly encourage 
moving forward with improved protocols based on advances 
in our knowledge from pre-clinical and clinical experience. 
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in haemophilia B patients treated with an AAV vector 
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Pre-clinical studies in mice and haemophilic dogs have shown 
that introduction of an adeno-associated viral (AAV) vector 
encoding blood coagulation factor IX (F.IX) into skeletal muscle 
results in sustained expression of F.IX at levels sufficient to cor- 
rect the haemophilic phenotype 1 ' 2 . On the basis of these data 
and additional pre-clinical studies demonstrating an absence of 
vector- related toxicity, we initiated a clinical study of intramuscu- 
lar injection of an AAV vector expressing human F.IX in adults 
with severe haemophilia B. The study has a dose-escalation 
design, and all patients have now been enrolled in the initial 
dose cohort (2x1 0 11 vg/kg). Assessment in the first three patients 
of safely and gene transfer and expression show no evidence of 
germline transmission of vector sequences or formation of 
inhibitory antibodies against F.IX. We found that the vector 
sequences are present i n muscle by PCR and Southe rn-blot analy- 
ses of muscle biopsies and we demonstrated expression of F.IX 
by immunohistochemistry. We observed modest changes in clini- 
cal endpoints including circulating levels of F.IX and frequency of 
F.IX protein infusion. The evidence of gene expression at low 
doses of vector suggests that dose calculations based on animal 
data may have overestimated the amount of vector required to 
achieve therapeutic levels in humans, and that the approach 
offers the possibility of converting severe haemophilia B to a 
milder form of the disease. 



Haemophilia B is the bleeding diathesis resulting from muta- 
tions in the gene encoding F.IX (F9), a proenzyme required for 
generation of a fibrin clot. The clinical severity of haemophilia 
B correlates closely with circulating levels of F.IX: individuals 
with less than 1% of normal activity are severely affected, 
whereas those with levels 1-5% of normal generally have a more 
moderate course. Current treatment is based on intravenous 
infusion of clotting factor concentrates; regimens in which fac- 
tor is infused prophylactically, with a goal of maintaining factor 
levels greater than 1% at all times, have been shown to prevent 
most of the joint damage and life-threatening bleeding compli- 
cations of the disease 3 ' 4 . Thus, the goal of gene therapy for 
haemophilia B is the sustained expression of F.IX at levels more 
than 1% of normal. This goal has been achieved in mice and 
haemophilic dogs by introducing an AAV vector expressing F.IX 
into skeletal muscle. Intramuscular injection of an AAV vector 
expressing human F.IX into immunodeficient mice caused 
expression of F.IX at 5-7% of normal human plasma levels for 
more than 12 months (vector dose of 1X10 13 vector genomes 
(vg)/kg; ref. 1). Subsequently, intramuscular injection of an 
AAV vector expressing canine V.Di in Jogs with haemophilia B 
resulted in expression of F.IX at levels up to 1.4% of normal 
(vector dose of 8,5xI0 12 vg/kg; ref. 2). The levels of expression 
in these haemophilic dogs are currently stable more than 2.5 



Table 1 > Clinical data for patients A, E and C 



Baseline F.IX activity level 
Baseline F.IX antigen level 



Arg-4^Leu 
nt 6,365 
CGG->CTG 



Ala351->Pro 
nt 31,172 
GCT-s-CCT 



European 
<1% 
<1% 

Gly114-*Arg 
nt 17,755 
GGA-iCGA 



HIV positive 

hepatitis C positive 

hepatitis B negative 

hepatitis A negative 

Significant medical history s/p Gl bleed; s/p seizures 

secondary to bilateral epidural 
haematomas; s/p eosiniphilic 
granuloma R parietal skull; s/p 
knee synovectomy and arthroscopy 

Current medications 



positive 
negative 
negative 

s/p Gl bleed; s/p nephrectomy 
secondary to iliopsoas bleed 
mellitus 
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years after the initial and only injection (R.W.H., K.A.H. and 
T. Nichols, unpublished data). 
Clinical data on our first three patients are shown (Table 1). 



Major safety issues to be addressed here include the risk of for- 
mation of inhibitory antibodies to the transgene product, which 
can block treatment by conventional protein therapy, and the risk 



Evidence for gene transfer and expression following vector of inadvertent germline transmission of vector sequences. Evi- 



administration was sought directly by muscle biopsy and indi- 
rectly by measurement of circulating EIX levels and assessment 
of bleeding episodes and frequency of clotting factor infusion. 
We performed muscle biopsies 8-12 weeks after vector adminis- 
tration; PCR on DNA extracted from injected muscle was posi- 
e for vector sequences in all three patients (data not shown). 



dence for formation of anti-RIX antibodies was sought by tw 
ferent methods, the standard Bethesda assay and a western-blot 
method, Bethesda assay performed weekly through the first eight 
weeks, then biweekly through the next four months, showed no 
evidence of inhibitor formation (data not shown). Western-blot 
analysis, which detects both inhibitory and non-inhibitory ai 



for FIX in the extracellular space, a pattern that had been docu- ics (Fig. 3a). The clinical responses of the patiei 
mented in pre-clinical studies for F.IX secreted by muscle fibres 1 and a pharmacokinetic study completed ir 



Immunohistochemical staining of skeletal muscle was positive bodies, has also been consistently negative for evidence of antibod- 

s to infused factor, 
: patient (data not 

shown), support these laboratory studies, because all patients con- 
tinue to exhibit excellent responses to clotting factor concentrates. 
Pre-clinical biodistribution studies in mice and rabbits car- 
shown (Fig. 2 and Table ried out at doses 50-fold higher than those used here demon- 
have a baseline F.IX level strated that AAV vector introduced into sites in skeletal muscle 
remains largely confined to that tissue. Specifically, there is no 
i 1% (also documented by evidence of distribution of vector into the semen (ORDA web 



(Fig. \a,b). Additional sections analysed by 
showed no evidence of inflammation or muscle injury (Fig. 
and data not shown). Results of coagulation assays and records 
of factor usage for patients A and B " ~" 
2). Patient A, who was documented 
of less than 1% by three clinical coagulation laboratories, 
demonstrated a level of rr 



1 multiple 
:ctor administration. 



o three clinical coagulation laboratories) 

•c beginning approximately 8 weeks after vect 

£ These levels were drawn at time points at 

^ least 14 days after the most recent factor 

3 infusion, eliminating the possibility that the 

» levels reflected a contribution from residual 

o infused factor. Patient B showed a small 

o change in F.IX level, remaining less than 1% 

@ of normal (Table 2), but both patients 

|g showed a reduction in clotting factor con- 

sumption following treatment with the AAV 
vector (Fig. 2). The treatment time lines are 
given in 20-day intervals; the first half of the 
time line (pre-AAV treatment) serves as a 
control for the second half (post- AAV treat- 
ment). Patient A has experienced a 50% 
reduction in factor usage sustained over a 
period of more than 100 days, and patient B 

has experienced an 80% reduction in factor - 2 °° -'«> -'*<> •«» 
usage also sustained over a period of more * 
than 100 days. Patient C, despite a F.IX level Fi» 2 Factor usage for patients A and 
of less than 1%, treats himself infrequently 

(so-called 'mild-severe' 1 '), typically less than denotes the date of vector infusion, 
four times per year. Since vector injection period during^ hichtran n press 
five months ago, he has had no change in " 
clinical status or F.IX levels (data not 
shown). Gene transfer and expression, how- 
r er, were documented by Southern blot 



http://www.nih.gov/od/orda/3-99RAC.htm) despite 
stent low- level positive signals in serum 24 hours after injection. 




hromboplastin time (aPTT) of G1 s, when he presented for muscle biopsy at 8 weeks following injec- 
ion. On the day of and 1 d after muscle biopsy, the patient received F.IX concentrate; after 17 d, with 
io intervening factor treatment, the F.IX level was 1.6% with anaPTT of 48 s. Ten days later, the F.IX 
level was determined to be 1 .4% with an aPTT of 47 s, again with no intervening factor treatment, ten 
. days later the patient treated himself with concentrate for atypical knee pain, and a F IX level drawn 
DNA extracted from a muscle biopsy spect- after 4 d was 3.7% with an aPTT of 41 s, reflecting the recent protein infusion. A blood sample drawn 
men, which showed approximately one vec- 1 4 d after a subsequent treatment showed a F.IX level of 1 .3% with an aPTT of 50 s. Over the er 

tor genome copy per diploid genome, and by 
RT-PCR, which was posrtivf " 

sion (data not shown). has decreased by >80%. 



he 0.5-1.0' 



3 e of 50 s.l 



ks the factor le\ 

> Sion is reduced -50% from baseline, b. The uaseiuiB ma level ui paueni d is tu.jya, ms rja; 

e tor hlX expres- j n f US j 0n j s ~ 2 _5 times/month. Despite no substantial change in F.IX level, patient B's factor a 
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Table 2 • Coagulation data 3 for patients A and B 



<0.3% 
0.3% 
0.3% 
3.0% 



(post-F.IX infusion) 



0.5% 
0.9% 
0.5% 



^Unless otherwise noted, all data points wt 



tory. 'Data generated in Stanford University Clinical Coagulation Laboratory. 



le most recent factor transfusion, b Data generated in 



:al Coagulation Labora- 



PCR analysis for vector sequences in body fluids from patients 
(data not shown) is in agreement with the pre-clinical studies, as 
serum samples were positive for vector sequences at 24 and 48 
hours after injection, but were negative thereafter. Saliva sam- 
ples were also positive at 24 hours after injection, but were sub- 
sequently negative, and one patient had a positive urine sample 
at 24 hours with all subsequent urine samples being negative. All 
i ma mi uiii>l in lu n „ ntl^ni n ainpl • ll cl.< I out 
to 48 days, 56 days and 59 days after injection, were negative for 
vector sequences. 

The effect on transduction efficiency in skeletal muscle of neu- 
tralizing antibodies against AAV serotype 2 is unknown 6 . All 
patients enrolled in this study had detectable titres of neutralizing 
antibodies against AAV before treatment, with the titre varying 
over a range of two logs, from 1 : 1 0 to 1 : 1 ,000 (Fig. 3 b) . The rise in 
neutralizing anlibody tilre following vector administration varied 
from 10- to 1,000-fold. The highest pre-treatment antibody titre 
was in patient B, whose post-injection muscle biopsy is positive 
for F.IX expression by imrnunohistochemical staining (Fig. \b), 
arguing against any inhibitory effect of the antibodies on skeletal 
muscle transduction. Additional laboratory studies, including 
serial complete blood counts and serum chemistries, disclosed no 
treatment- related abnormalities (data not shown). 

Despite promising pre-clinical data, clinical experience with 
AAV vectors is limited; our study is the first in which AAV vectors 
have been introduced into skeletal muscle. On the basis of these 
initial patients, the approach appears to be safe, with no evidence 
at this dose for toxicity related to vector administration, inadver- 
tent germline transmission of vector sequences or formation of 
inhibitory antibodies to the transgene product. Moreover, biopsy 
of injected sites shows evidence of gene expression by immuno- 
fluorescence staining. Notably, one of the patients in the initial 
low-dose cohort showed detectable circulating levels of F.IX 
above 1%, On the basis of studies in mice and haemophilic 
dogs 1,2 , we had predicted that the patients in the low-dose group 
would not show measurable levels of F.FX expression (Table 3). 
Our observations suggest that the vector may be more efficient in 
humans than Ln mice or dogs; indeed, we have observed this to be 



Fig. 3 Immune responses to AAV-CMV-hF.IX. a, Western-blot analysis of anti- 
human F IX in serum samples of haemophilia B patients. Plasma-derived human 
FIX is transferred to a membrane, which is in ibatedwitt e nsampl rom 
patients. Lanes 1,2, positive control (-> (patient with inhibitory anti-F.IX) dilcncd 

lanes S-8, samples from patient A pretreatment (0 weeks, lane 5) and 2 weeks 
(lane 6), 8 weeks (lane 7) and 1 4 weeks (lane 8) following AAV-vector injection; 
lanes 9-1 2, samples from patient B pretreatment (0 weeks, lane 9) and 1 week 
(lane 10), 6 weeks (lane 1 1 ) and 8 weeks {lane 12) post-injection, b. Neutralizing 
antibody titres against AAV before and after treatment with AAV-CMV-hF.IX. 
NS, no sample available at time of assay. 



the case in tissue culture, where we have measured as much as a 
2-log difference in copy number of the donated gene in primary 
cultures of human versus mouse muscle cells (unpublished data). 
Because the vector is engineered from a virus that infects humans 
but not rodents, the processes of vector binding and entry 7 ' 8 may 
be more efficient in human cells than in those of other species. A 
similar consideration applies to the CMV promoter-enhancer 
used in the vector; because CMV infects humans but not other 
species, the promoter may have evolved to express most effi- 
ciently in the setting of human transcription factors. An objective 
of dose escalation will be to identify a dose at which all patients 
express F.IX levels of more than 1%. 

The fact that F.IX levels of just above ]% Ln patient A were 
associated with a reduction in factor use is consistent with the 
findings of the Swedish prophylaxis studies, which showed a 
reduction in haemorrhages when concentrate was dosed to 
maintain nadir levels of approximately 1% (refs 3,4). The reduc- 
tion in bleeding seen in patient B raises the question of whether 
levels of F.IX less than 1% can also result in a reduction in clinical 
bleeding episodes. More data will be required to resolve this 
issue. The difference in factor levels seen among patients A, B and 
C may be accounted for by biologic variation, but another factor 
that may be important is the presence or absence of circulating 
F.IX antigen (Table 1). The volume of distribution of F.IX 
includes both the intravascular and extravascular space, where 
F.IX can bind tightly to collagen IV (ref. 9). Saturation of these 
potential binding sites in individuals with circulating F.IX pro- 
tein may result in higher levels of the donated gene product in the 
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Table 3 • Predicted levels of circulating F.IX in humans 





F.IX level 


F.IX level 


Predicted level 


Predicted % normal 


Dose 


in mice a 




in humans 1 


levels in humans 


2x10" vg/kg 


6 ng/ml 


2-4 ng/ml 
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0.3-1.2% 


1x10' 3 vg/kg 


300 ng/ml 


80 ng/ml 


80-300 ng/ml 


1 .8-6% 


Predicted plasma F.IX le 




□use experimental data'. Predict 


2d plasma F.IX level in dogs based on 


canine experimental data 2 . 'Extrapolated 













circulation. The data gathered so for indicate that AAV-mediated 
gene therapy for haemophilia B is safe and has the potential to 
demonstrate efficacy, although testing at higher doses will be 
required to confirm this interpretation. This treatment strategy 
Tin i- offer* tV r. » it ilitj >fconv» rting a- 1 e« h i nm| I ilia B to a 
milder form of the disease through a relatively non-invasive pro- 
cedure, In the broader context of gene-based treatment of inher- 
ited diseases, the record so for has been discouraging, with no 
clear-cut evidence of success with in vivo gene therapy. Our 
results indicate that in vivo administration of viral vectors offers 
the possibility of improving the clinical course of genetic diseases 
that affect many individuals worldwide. 

Methods 

Clinical protocol. Our study was designed as an open-label, dose-escalation 
Phase I trial. The clinical protocol was reviewed and approved by the Insti- 
tutional ReviewBoards ofThe Children's Hospital of Philadelphia (CHOP), 
Stanford University and the University of Pittsburgh Medical Center, the 
Institutional Biosafety Committees at CHOP and Stanford (the institutions 
where vector is injected), the Center for Biologies Evaluation and Research 
of the U.S. Food and Drug Administration, and the NTH Office for Recom- 
binant DNA Activities. Inclusion criteria for the study include severe 
haemophilia B with F.IX level <1 li ( u tncy of at least one year, male 
sex, age >18 years, >20 days exposure history to F.IX concentrates and abili- 
ty to give informed consent. Exclusion criteria include acute infectious ill- 
ness, end -stage renal disease, severe liver disease defined as bilirubin >2 
times normal, transaminases >5 times normal or alkaline phosphatase >5 
times normal, platelet count <50,000, presence of i nflammatory muscle dis- 
ease, unwillingness to practice birth control until three semen samples are 
documented to be negative for vector sequences and unwillingness to stop a 
regimen of prophylactic clotting factor infusion. The mutation in F9 was 
determined for each patient by the 



Preparation of AAV-CMV-hRIX. Vector was prepared in a GMP facility 
(Avigen) using a triple-transfection procedure 10 ' 11 . The F.IX expression 
plasmid is an 11,442-bp plasmid containing the cytomegalovirus 
(CUV) immediate early promoter, exon 1 of F9 (ref. 12), a 1.4-kb frag- 
ment of F9 intron i (ref. 13), exons 2-8 of F9, 227 bp of F9 3' UTR and 
the SV40 late polyadenylation sequence between two AAV inverted ter- 
minal repeats. The rep/cap plasmid pHLP19 and the helper adenovirus 
plasmid pLadenoS have been described 10 ' 11 . Recombinant AAV was pro- 
duced by transfecting the three plasmids into HEK 293 cells by calcium 
phosphate transfection. Following incubation to allow vector amplifica- 
tion, cells were lysed and treated with nuclease to reduce residual cellular 
and plasmid DNA. After precipitation, vector was purified by two cycles 
c: isopyenic ultracentrifugation; fractions containing vector were 
pooled, dialysed and concentrated. The concentrated vector was formu- 
lated, sterile filtered (0.22 (tM) and aseptically filled into glass vials. Vec- 
tor genomes were titred by a quantitative dot-blot assay in which the sig- 
nal from aliquots of test material is compared with a standard curve yen 
crated using the linearized F.IX expression plasmid. The vector under- 
went in-process and final product testing as described 14 . 

Vector administration. After giving informed consent, patients were 
admitted to the Clinical Research Center at either CHOP or Stanford 
University for history, physical examination and baseline laboratory 



trate to bring factor levels up to -100%, and, under ultrasound guidance, 
vector was injected percutaneously into 10-12 sites in the vastus lateralis 
of either or both anterior thighs. Injectate volume at each site was 
250-500 ul, and sites were at least 2 cm apart. Local anaesthesia to the 
skin was provided by ethyl chloride or euteclic mixture of local anaes- 
thetics (EMLA). To facilitate subsequent muscle biopsy, the skin overly- 
ing several injection sites was tattooed and the injection coordinates 
recorded by ultrasound. We observed patients in the hospital for 24 h 
after injection; routine isolation precautions were observed during this 
period tc minimize any risk of horizontal transmission of vector. Patients 
are then discharged and seen daily in outpatient clinic for the next three 
days, then weekly at the home haemophilia centre for the next eight 
weeks, twice monthly up to five months, monthly for the remainder of 
the year, then annually in follow-up. Patients are instructed to infuse fac- 
tor as usual for haemorrhagic episodes. 

Laboratory studies. Laboratory studies drawn in follow-up included P.IX 
level, aPTT, Bethesda assay, anti-AAV neutralizing antibody litre, routine 
chemistries, muscle enzymes, CBC, urinalysi s, HIV vi ral load for HIV pos- 
itive patients, fragment 1.2, and collection of serum, semen, urine, saliva 
and stool for PCR detection of vector sequences. Patients underwent mus- 
cle biopsy of injected sites at 2, 6 and 12 months after injection; studies on 
skeletal muscle included routine haema'.oxylin and cosin staining, 
immunohistochemical staining for F.IX expression, PCR for vector 
sequences on extracted DNA and Southern blot with a vector probe if ade- 
quate amounts of muscle DNA were available. Whenever possi ble, an effort 
was made to draw blood samples before factor infusion if a haemorrhagic 
episode required treatment. All studies were performed in routine clinical 
laboratories (at CHOP and Stanford) using CLIA-approved procedures, 
except F.IX ELISA, immunostaining of muscle for F.IX expression, anti- 
AAV neutralizing antibody titre, PCR of body fluids for vector sequences 
and western blot to detect anti-F.IX antibodies. We carried out F.IX ELISA 
as described 15 . For immunohistochemical staining, frozen muscle tissue 
was cryosectioned and stained using a goat anti-human F.IX antibody 
(Affinity Biologicals; 1:800 dilution) as described 1 , except that a biotinylat- 
ed horse anti-goat IgG was used as a secondary antibody (1:200 dilution) 
for immunoperoxidase staining using a kit (Vector Laboratories). Sections 
were counter-stained with Myers haematoxylin stain. 

Antibody assays. We determined AAV neutralizing antibody titres by incu- 
bating an AAV vector expressing lacZ with serial dilutions of patient serum, 
then used this cocktail to transduce HEK 293 cells. We lysed cells after 24 h 
and assayed enzymatic activity using the o-nitrophenyl p-u-galactopyi 
noside (ONPG) assay 16 . Samples were read at OD^o to measure pVgalac- 
tosi dase activity; sera were scored as positive for neutralizing AAV antibod- 
ies if the OD 420 was £50% that observed when r AAV-lacZ was pre-incubat- 
ed with negative control mouse sera. Positive samples were titred; AAV 
neutralizing antibody titres are presented as dilutions that inhibit infection 
of r AAV-lacZ by 50% based on the ONPG assay. We carried out western- 
blot analysis to detect anti-F.IX antibodies. Purified human F.IX was elec- 
trophoresed on a 7.5% polyacrylamide gel and transferred to a nitrocellu- 
lose membrane using an electroblot system (Biorad). The membrane was 
incubated with a 1:1,000 dilution of the patient's serum sample as primary 
antibody ar.d ;:)0,C00 dilution of anri-humar. IgG peroxidase conjugate 
using a chemiluminescent substrate (Pierce) as a detecting antibody. 

Viral shedding. We used a PCR assay to detect vector sequences in body 
fluids (serum, urine, saliva, semen and stool) and biopsied muscle. The 5' 
primer (5-AGTCATCGCTATTACCATGG-3') was derived from the CMV 
studies. On day 0 of the protocol, patients were infused with RLXconcen- enhancer and the 3' primer (5'-GATTTCAAAGTGGTAAGTCC-3 ') from 
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intron 1 of human F9. Amplified vector sequence yields a PGR fragment of 
743 bp. For each sample, a control reaction containing the sample to be 
tested spiked with vector plasmid (50 copies/(lg DNA) was also run to 
establish that the sample did not inhibit the PCR reaction. For semen, 3 u.g 
of DNA was analysed (1 jug in each of 3 separate reactions); for saliva and 
biopsied muscle, 1 Jig; and for urine, serum and stool, DNA was extracted 
from a 1-2 ml volume an d analysed. The sensitivity of the assay is 50 copies 
of vector sequence in 1 pvg DNA. 

Factor IX levels. We determined F.IX levels using an automated analyser 
(MDA, Organon-Teknika, or MLA-800, Medical Laboratory Automa- 
tion). Plasma test samples were mixed with F.IX-deficient substrate 
(George King, Inc.), and results compared with the degree of correction 
obtained when dilutions of verify reference plasma were added to the same 
F.IX-deficient substrate. The reference curve was linear down to a lower 
limit of 0.3%. 

The F.IX measurements reported here deserve comment, as the 
changes are small. Most clinical laboratories do not report a numerical 
value for clotting factor levels of <1%, but in preparation for this trial, 
the coagulation laboratories at CHOP and Stanford University Medical 
Center prepared detailed standard curves for F.IX, which were linear 
down to levels of -0.3%. Most authorities would agree that an experi- 
enced clinical coagulation laboratory can distinguish between levels 



<1% and >]%. The values of >I% in patient A were actually repeated 
and verified by a third clinical laboratory. Thus it appears that these 
numbers represent an increase from the patient's true baseline, which 
was also verified to be <1% by three clinical laboratories before the 
beginning of the trial. 
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vector. At doses ranging from 2 x 10 11 
vector genomes (vg)ykg to 1.8 x 10 12 vg/ 
kg, there was no evidence of local or 
systemic toxicity up to 40 months after 
injection. Muscle biopsies of injection 
sites performed 2 to 10 months after 
vector administration confirmed gene 
transfer as evidenced by Southern blot 
and transgene expression as evidenced 
by immunohistochemical staining. Pre- 
existing high-titer antibodies to AAV did 
not prevent gene transfer or expression. 
Despite strong evidence for gene transfer 
and expression, circulating levels of F.IX 
were in all cases less than 2% and most 



were less than 1%. Although more exten- 
sive transduction of muscle fibers will be 
required to develop a therapy that reliably 
raises circulating levels to more than 1% 
in all subjects, these results of the first 
parenteral administration of rAAV demon- 
strate that administration of AAV vector 
by the intramuscular route is safe at the 
doses tested and effects gene transfer 
and expression in humans in a manner 
similar to that seen in animals. (Blood. 
2003;101:2963-2972) 
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Hemophilia B is an X-linked coagulopathy 
caused by absence of functional coagula- 
tion factor IX (F.IX). Previously, we estab- 
lished an experimental basis for gene 
transfer as a method of treating the dis- 
ease in mice and hemophilic dogsth rough 
intramuscular injection of a recombinant 
adeno-associated viral (rAAV) vector ex- 
pressing F.IX. In this study we investi- 
gated the safety of this approach in pa- 
tients with hemophilia B. In an open-label 
dose-escalation study, adult men with 
severe hemophilia B (FIX < 1%) due to a 
missense mutation were injected at mul- 
tiple intramuscular sites with an rAAV 

Introduction 

Hemophilia B is an X-linked bleeding disorder caused by muta- 
tions in the gene encoding blood coagulation factor IX (F.IX), a 
zymogen of a serine protease required for thrombin generation. The 
clinical severity of hemophilia correlates with circulating F.IX 
levels. Patients with less than 1% circulating F.IX typically 
experience spontaneous hemorrhages and prolonged bleeding after 
trauma or surgery. Treatment requires intravenous infusion of 
clotting factor concentrates that are either derived from plasma or 
made through recombinant technology. Despite recent improve- 
ments in the safety profiles of factor concentrates, morbidity and 
mortality persist. 1 The major morbidity is arthropathy, resulting 
from recurrent bleeding into joint spaces. Mortality can result from 
bleeding into critical closed spaces (eg, intracranial or intraperito- 
neal bleeding), 2 " 5 although the leading causes of death currently in 
the US hemophilia population (HIV and hepatitis) are a conse- 
quence of transfusion -transmitted infection from early-generation 
plasma-derived concentrates. 6 

Based on the natural history of disease in patients with baseline 
factor levels more than 1% and on studies ol hemophilia patients 



treated with routine administration of clotting factor concentrates 
to maintain levels more than 1%, it is likely that sustained 
expression of clotting factor at levels more than 1% could prevent 
serious bleeding complications and preserve joint function. 7 An 
advantage of hemophilia as a model for gene transfer is that 
tissue-specific expression of the transgene is not required, because 
biologically active F.IX can be produced in cells other than 
hepatocytes. 8 - 9 In addition, precise regulation of transgene expres- 
sion is not required, because levels of 1% to 2% may be therapeutic 
and levels up to 100% are still within the norma! range. The 
existence of small and large animal models of this disease 10 ' 16 
facilitates analysis of efficacy before clinical studies are initiated, 
and measurement of clinical therapeutic end points (circulating 
levels of F.IX) is straightforward. 

Adeno-associated viral (AAV) vectors transduce a variety of 
somatic tissues including liver, central nervous system, and skeletal 
muscle. 17 " 11 The preclinical experiments that led to this clinical trial 
established that intramuscular administration of an AAV vector 
encoding F.IX resulted in long-term expression in mice and in 
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Table 1. Dose escalation* and revision 
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1/3 1.5X10" 2.9X10" 1.4X18" Oneorboth 

2/3 1.5X10" 6.0X10" 4.2x19" Both 

2/2 1.5x10« 1,8 xW 2 1.3x18" Both! 

•After the death of a patient in a gene transfer trial, the sponsors and investigators in this trial voluntarily slowed the pace of dose escalation from a one-log increase 
between the low and mid-dose cohorts to 1/2 fog between each dose cohort. 
Vector genomes. 

aDosing performed according to the patient wei ght obtain ed at the time of injection 

nAssuming a 70-kg adult 

||Plus auxiliary muscles (deltdd, soleus) 



hemophilic dogs. 22 ' 23 We previously reported initial evidence of 
gene transfer in the first 3 human subjects receiving parenteral 
injections of an AAV vector. 24 We now report complete results of 
this phase 1 safety study, the first in which an AAV vector was used 
for gene transfer in hemophilia, 



Patients, materials, and methods 

The AAV-human F.IX (AAV-hF.IX) vector is derived from AAV serotype 2 
using recombinant DNA techniques and contains a F.IX minigene expres- 
sion cassette of 4071 nucleotides between the 2 viral inverted terminal 
repeats (ITRs). The F.IX expression cassette contains: (1) a cytomegalovi- 
rus (CMV) enhancer/promoter fragment 22 ; (2) exon 1 of the human F.IX 
(F9) gene; (3) a portion of the human F.IX intron i 25 ; (4) exons 2-8 of the 
human F9 gene; and (5) the SV40 late polyadenylation sequence, Vector 
was manufactured under good manufacturing practice (GMP) conditions 
using a triple transfection procedure in 293 cells as previously described. 24 
Vector was Sitered by quantitative DNA dot-blot. Final product testing prior 
to lot release included a F.IX potency assay and assays for sterility and 
endotoxin as previously described, 27 The study was conducted using 4 
separate l ots of vector, 

Subjects 

Eight subjects were enrolled, 3 in both the low- and medium-dose cohorts 
and 2 in the high-dose cohort. Enrollment of a subject did not proceed until 
the previous subject was observed for at least 2 weeks; enrollment in a 
higher dose cohort continued only after the previous cohort had been 
observed for at least 4 weeks. The original and revised dose-escalation 
plans are outlined in Table I. 

Subjects were recruited from hemophilia treatment centers in North ami 
South America. Prior to subject enrollment, the clinical protocol was 
reviewed and approved by the US Food and Drug Administration, the 
National Institutes of Health Recombinant DNA Advisory Committee of 
the Office of Biotechnology Activities, General Clinical Research Centers 
(GCRC) of the Children's Hospital of Philadelphia, Stanford University 
Medical Center, local institutional review boards, and institutional biosafety 
committees. Subjects gave written informed consent prior to treatment with 
AAV-F.IX. We initially preferred and ultimately required that only subjects 
with a missense mutation be included. The rest of the inclusion and 
exclusion criteria are listed in Table 2. Infection with HTV or hepatitis C 
virus (HCV) did not preclude participation. 

Procedure 

Prior to administration of the vector, subjects received 100% correction 
with F.IX concentrate, Analgesia included either local anesthesia, conscious 
sedation, or general anesthesia based on patient preference. For subjects in 



group 1, veotor was administered into one or both vastus lateralis muscles, 
This muscle group was chosen because it is easily inspected and palpated. 
The volume injected at each site did not exceed 500 u_L. 

Dose of vector 

Based on animal data suggesting thai the risk of inhibitor formation was 
influenced by the dose administered per injection site, 28 we limited the dose 
to 1.5 X 10 12 veotor genomes (vg)/site. Injections were administered under 
ultrasound guidance to minimize the risk of injection into a large blood 
vessel. Injections were spaced at least 1 cm apart. The number of injection 
sites for subjects in the low-dose cohort was between 1 0 and 20, and for the 
mid-dose cohort 30 to 50. For the high-dose cohort, additional skeletal 
muscles, including the deltoid and the soleus, were used for injections, and 
a total of 80 to 90 injections vvas made. Several injection sites were marked 
with a small intradermal injection of India ink intended to aid in identifying 
sites for muscle biopsies to be performed months after injection. 

Muscle biopsy 

Muscle biopsies were planned at 2, 6, and 12 months after vector injection. 
Muscle tissue obtained by biopsy was immediately frozen in liquid 
nitrogen-cooled isopentane and stored at -80 D C prior to preparation of 
oryosections. 22 - 24 Sections were stained with hematoxylin and eosin to 
evaluate histology. Immunoperoxidase staining of oryosections for F.IX 
expression was carried out as described using a goat antihuman FIX 
(Affinity Biologicals, Hamilton, ON, Canada) as primary antibody at a 
dilution of 1 :400. 24 Similarly, this antibody was also used for immunofluo- 
rescence staining of F.IX expressed in muscle sections using the previously 
published protocol. 12 The secondary antibody in this assay was fluorescein 
isothiocyanate (FITC)-conjugated rabbit antigoat IgG (Dako, Carpinteria, 

Table 2, Eligibility criteria 

Inclusion criteria 
Mates with severe F IX detoency 
Age 18 y or older 
Ability to give informed consent 

More than 2ffl exposure days o? treatment with F.IX protein 
No history or presence of an inhibitor to F.IX protein 
Able to infuse F.IX protein on a home infusion protocol 
Subjects with F.IX missense mutations 
Exclusion criteria 
Active infections 
End-stage renal disease 

Severe liver disease defiied as any of the following: 
Bilirubin; 2.1-3.0 x normal 
Transaminases: 5-10 x normal 
Alkaline phosphatase: 5-10 x normal 
Platelet count less than 58 888/pJ. 
Presence of inflammatory muscle disease (eg, myositis) 
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Table 3. Subject demographies 

A- B* C D E F G H 

Age.y 38 23 67 29 44 43 38 38 

Race White Asian White White Asian White White White 

Baseline FIX <1% <1% <1% <1% <1% <1% <1% <1% 

CRM status + -- + + - + + 



CRM indicates crass-reacting material 
"Included in report by Kay et s\. 2 ' 

C A) as described. 21 For staining of slow-twitch muscle fibers, cryosections 
were allowed to thaw at room temperature (without fixation), blocked with 
phosphate-buffered saline (PBS) containing 3% bovine serum albumin 
(BSA) for 1 hour, and subsequently incubated at 4°C overnight using the 
monoclonal NCL-MTICs (Novaeastni Laboratories myosin heavy chain) 
antibody (Novacastra Laboratories, Newcastle upon Tyne, United King- 
dom; 1:20 in PBS/1%BSA) specific for slow-twitch myosin. After three 
1 0-minute washes at room temperature in PBS, sections were incubated 
with tetrarhodamine isothiocyanate (TRITC)-labeled goat antimouse IgG 
(Sigma, St Louis. MO) for 2 hours at room temperature followed by 3 
additional PBS washes. Serial sections of muscle tissue were fluorescence 
stained for F,IX or slow-twitch myosin and compared for expression of 
either antigen using a Nikon fluorescent microscope. For double staining, 
anlislow myosin was applied simultaneously with antiheparan sulfate 
proteoglycan (HSPG; 1:1 00; Chemieon, Temeoula, CA). In another experi- 
ment, muscle sections were prepared and stained with monoclonal antibody 
NCL-MHCs or NCL-MHCf (specific for slow- or fast-twitch myosin, 
respectively) as described followed by staining with a peroxidase- 
conjugated secondary antibody. Peroxidase-stained slides were examined 
by light microscopy. 

Laboratory evaluation 

Routine clinical laboratory testing was performed using procedures ap- 
proved by the College of American Pathology (CAP) for serum chemistries, 
hematologic values, coagulation factor assays, and Bethesda assays. 
Specifically, F.LX activity levels were determined using an automated 
analyzer (MDA, Bio-Merieux, Research Triangle Park, NC; or ML A- 800, 
Medical Laboratory Automation, Pleasantville, NY). Plasma test samples 
were mixed with F.IX-defioient substrate (George King Biomedical, 
Overland Park, KS) and results were compared with the degree of 
correction obtained when dilutions of known reference plasma were added 
to the same F.lX-dcOctent substrate. The reference curve was linear down to 
a lower limit of 0.3%. Bethesda assays were carried out using a standard 
procedure in which residual F.IX activity is determined after incubating 
equal volumes of test plasma with normal pooled plasma at 37°C for 2 
hours. The lower limit of detection in this assay is 0.1 Bethesda units (BU). 
In addition to these CAP-approved procedures, Western blotting was done 
to detect anti-F.LX antibodies, as previously described. 24 Positive controls 
included serum samples from a patient with a history of F.LX inhibitory 
antibody (Bethesda titer 24 BU). We used a polymerase chain reaction 
(PCR) assay to detect vector ' ;<|usne; in 1 o h fiui 1 . ^ram, urine, saliva, 
somen, and stool) and in skeletal muscle. The 5' primer was derived from 
the CMV enhancer/promoter (5 ' -AGTC ATCGCTATTACCATGG-3 ' ) and 
the 3' primer from intron I of the human F.IX (F9) gene (5'- 
GATTTCAAAGTGGTAAGTCC-3 '). Amplified vector sequence yields a 
PCR fragment of 743 bp. For each sample, a control reaction containing the 
sample to be tested spiked with vector plasmid (50 copies/jAg DNA) was 
also run to establish that the sample did not inhibit the PCR reaction. For 
semen, 3 u-g DNA was analyzed (1 u.g in each of 3 separate reactions); for 
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saliva and biopsied muscle, 1 p,g; and for urine, serum, and stool, DNA was 
extracted from a 1- to 2-mL volume and analyzed. The sensitivity of the 
assay is 50 copies of vector sequence in 1 fig DNA. AAV-neutralizing 
antibodies were measured by incubating an AAV vector expressing lacZ for 
60 minutes with serial dilutions of patient serum, then using this mixture to 
transduce HEK293 cells. Cells were lysed 24 hours after transduction and 
(J-galactosidase activity was determined by enzymatic assay; sera or 
dilutions were scored as positive for neutralizing AAV antibodies if the 
OD 42 o was 50% or less that observed when rAAV-lacZ was preincubated 
with negative control mouse sera. 

DNA analysis 

Total gDNA was isolated from frozen muscle tissue using the PureGene kit 
from Gentra Systems (Minneapolis, MN). Vector sequences were detected 
using Southern blot hybridization" or PCR (see "Laboratory evaluation"). 
For Southern hybridization, a vector-specific 0.7-kb 32 P-labeled BglU- 
fragment including the CMV enhancer/promoter sequence was used as a 
probe and gene copy number was determined by comparison with controls 
spiked with known amounts of plasmid DNA. The intensities of bands on 
autoradiographs were quantitated by densitomelric scanning. 



Results 

We enrolled 8 adult men with severe hemophilia B (Table 3). F.IX 
mutation analyses, a prerequisite for study entry, demonstrated 
underlying missense mutations in all subjects enrolled (Table 4). 

Two subjects (A and D) were HIV + , and subject A was on 
highly active antiretroviral therapy at the time of vector injection 
with a CD4 count of more than 300/(j,r . and undetectable HIV viral 
load. CD4 counts in subject D ranged from 597 to 864/jxL during 
the course of the study; he was taking 110 antiretroviral medications 
at that time. Seven of 8 were previously infected with HCV as 
detected by presence of antibody to HCV. No subjects were 
receiving interferon or ribavirin at the time of treatment with 
AAV-hF.IX(Table5). 

Clinical observations and laboratory studies 

Intramuscular injection of vector doses up to 1 .8 X 10 13 vg/kg was 
well -tolerated in all subjects, with no systemic symptoms or signs 
noted during the 24 hours of hospitalization immediately following 
vector administration and none observed in the ensuing period of 
close outpatient follow-up. 

Laboratory studies revealed no abnormalities in serum chemis- 
tries, save for in one subject a 5-fold elevation in the creatine 
phosphokinase (CPK), which returned to baseline 1 week after 
injection. Complete blood counts also demonstrated no abnormali- 
ties, except for patient F. This subject, with a history of thrombocy- 
topenia secondary to liver disease, had a platelet count of 1 1 1 000/ 
|xL 3 days after vector injection (not lower than previous values in 
this subject); the platelet count returned to the subject's pretreat- 
ment baseline of 140 000/p.L 5 days later. 



4. Mutation analysis of subjects 



Arg4Leu A!a352Pro Gly114Arg Cys18Arg G!y184Arg 

Nuci no. 6365 Nucl no. 31 172 Nucl no. 1 7755 Nucl no. 6427 Nucl no, 28529 

CGG>CTG GCT>CCT GGAs-CGA TGT>CGT GGA>AGA 
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Table 5. infection status of subjects 

A* B* C D E F G H 

HIV + - _ + _- -_ 

HCV + + - + + + + + 

HBV- - + + -- -- 

HAV ------- - 

+ indicates positive; -, negative; HBV, hepatitis B virus; and HAV, hepatitis A 

•See Kayetai." 

Adverse events 

Other than the above episode of thrombocytopenia, there were no 
vector-related toxicities in the low-, medium-, or high-dose cohorts. 
Four of 8 subjects developed transient minor abnormalities (hematoma, 
induration, transient numbness) at the site of muscle biopsy. Five of 8 
subjects developed small hematomas or pain at one or more 
vector injection sites, which resolved uneventfully. Finally, one 
subject had a mild inflammatory reaction to the tattoo dye that 
was injected at a few sites; these resolved without treatment. 

Safety studies 

In biodistribution studies based on a sensitive PCR assay, vector 
DNA was detected in the serum of all subjects at 24 hours, and up 
to but not after day 7 in al! except subject E in whom vector 
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sequences were detected up to 12 weeks after injection, Vector 
sequences were detected in the urine of subjects B, D, and F up to 
24 hours after injection but not thereafter. Saliva was positive for 
vector sequences in 7 of 8 subjects as early as 24 hours and as late 
as 14 days in subject G. Vector sequences were not detected at any 
time point in the semen of any of the 7 subjects tested (Table 6). 
One subject was unable to provide semen due to erectile dysfunc- 
tion. None of the subjects had had a vasectomy. 

No inhibitory antibodies to F.IX were detected by Bethesda 
assay during the period of follow-up, despite repeated challenges 
with intravenous infusion of F.IX concentrates. In addition, nonin- 
hibitory antibodies to F.IX were sought using Western blotting, and 
also were not detected at any of the time points tested in the 
subjects in this study (Figure 1). Neutralizing antibodies to AAV 
were detected prior to treatment in 7 of 8 subjects. Anti-AAV 
antibody titers rose in all subjects following vector injection, 
demonstrating an intact immune response, even in subjects who 
were HIV + (Table 7). Analysis of muscle biopsies (see "Gene 
transfer and expression") shows no correlation between pretreat- 
ment titer of anti-AAV antibodies and evidence for gene transfer 
and expression on muscle biopsy. 

Gene transfer and expression 

Direct evidence for gene transfer and expression was sought on muscle 
biopsies obtained 2 months (8 subjects), 6 months (1 subject), and 



Table 6. PCR analysis of body fluids for vector seq uences 



Sample Subject Baseline 



ND + + NO ND ND - ND ND ND NO ND ND ND ND - - NO 

+ + - NO ND ND ND - - - - ND ND - - ND ND ND ND 

+ + ND ND ND - - ND - - ND ND ND ND ND ND ND 

+ + ND ND ND ND - ND - ND ND ND ND ND 

ND ND + ND ND ND ND + - ND + ND ND + - - + ND ND ND 

ND + ND ND ND ND ND + ND ND ND ND ND - ND ND ND 

+ + ND ND ND ND + - - ND ND ND ND ND NO - ND ND ND 

ND ND ND ND + ND ND + - ND ND ND ND ND ND ND ND ND ND ND 

+ - ND ND ND ND - ND ND - ND ND - - ND ND ND ND ND 

ND + - - NO ND ND ND ND ND ND ND ND 

+ - ND ND ND ND - ND ND - ND - ND ND ND ND ND ND ND 

+ + ND ND ND ND ND - - ND ND ND ND ND ND ND ND ND ND 

ND ND + ND ND ND ND ND ND ND ND ND - - - - ND ND ND 

NO + ND ND ND ND ND - ND ND - ND - ND - ND ND ND ND ND 

fp fp + ND ND ND ND 4- - ND ND ND ND ND ND - ND ND ND 

NO ND ND - ND ND - - - ND ND ND ND ND ND ND ND ND ND 

- ND ND ND ND ND - ND - NU ND - - ND ND ND ND ND 
ND + - ND ND ND ND - - - - - - ND ND ND ND ND ND 

ND - ND ND ND - - ND - - ND ND ND ND ND ND ND ND ND 

- ND ND ND ND - - - ND ND ND ND - ND ND ND ND ND 
ND ND ND ND ND ND - - - - ND ND - - - - ND ND ND 

+ ND ND ND ND ND ND - ND ND - ND - ND - ND - ND ND ND 

- ND ND ND ND - - - - ND ND ND ND ND - ND ND ND 



ND ND ND ND ND ND ND ND ND 



ND ND - ND ND ND - ND ND ND ND ND - ND ND ND ND ND ND 

ND ND ND ND - ND ND - ND ND - ND ND ND ND ND ND 

ND ND ND ND ND NO ND ND ND ND ND ND ND ND - ND ND ND ND ND 

ND ND ND - ND NO ND ND - - ND ND ND ND ND ND ND ND ND ND 

ND ND ND ND ND ND ND ND ND - ND ND ND - ND ND ND ND ND 

ND ND NO ND ND ND NO - ND ND ND ND ND ND ND ND ND ND ND 

ND ND ND ND - ND ND - - - ND ND ND ND ND ND ND ND ND ND 



No semen samples were taken from sub : ect G due to erectile dysfunction secondary to sertraline. Semen analysis in subject H was faintiy positive with nonspeci to bands. 

+ irtdicates positive; - , negative; fp, faint positive; and ND, not done. 

•SeeKayetai. 24 
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44 3rt 40 40 13 16 6 5 
Figure 1. Western blot for detection of 
study. Serum sarnpl es were collected at monthly intervals 
ne primary antibody in 



human FIX. Shown here are samples from ef 
points ranging from 5 weeks to 44 weeks aftei 
( + ) is performed using serum fr 
negative control is serum from a healthy subject. 



with an inhibitor (24 BU) to FIX an 



10 months (1 subject) after vector administration. Of 10 biopsies 
performed, 8 of the LO were positive for the donated gene on PCR 
assay, and 5 of 9 analyzed were positive on Southern blot (Table 8). 
Southern blot, though less sensitive, is more informative than the 
simple PCR assay because it allows assessment of molecular form 
and copy number of vector DNA in the sample. Southern blot 
analyses containing DNA from 6 subjects are shown in Figure 2. 
Vector DNA is detected in the undigested sample as a high- 
molccular-wcight smear (Figure 2B, lane 7; Figure 2C, lane 6; 
Figure 2D, lanes 4 and 10). Whether the vector DNA is integrated 
or is stabilized in a high-molecular- weight episomal form is not 
clear from this analysis. Following digestion with £coRI, which 
cleaves once in the minigene cassette, vector signal is detected as a 
4.5-kb fragment (size of the vector insert, Figure 2B, lanes 5 and 
10; Figure 2C, lane 7; Figure 2D, lane 6). Release of a unit length 
vector fragment indicates formation of circular forms or concatem- 
ers of the vector genome. Digestion with BamH\ (which also cuts 
once in the vector; Figure 2A) revealed the presence of both 
head-to-tail and head-to-head arrangements (Figure 2B, lane 8; 
Figure 20, lane 8; Figure 2D, lanes 7 and 12). In lanes with 
undigested DNA, a faint band migrating somewhat lower than the 
4.5-kb EcoKl fragment was observed, and likely represents a 
monomelic circular form of the vector genome (Figure 2B, lane 7; 
Figure 2D, lane 10). Digestion with BgRl releases a 0.7-kb 
fragment containing the CMV promoter/enhancer (Figure 2B, 
lanes 4 and 9; Figure 2C, lane 5; Figure 2D, lanes 5 and 11). The 
Sg/II digests were used to estimate gene copy number in the 
sample, as judged against a series of standards (Figure 2B-D, lanes 
1-3, respectively). For lanes with a positive signal, the gene copy 
number was generally in the range of 0.5 to 4 copies/human diploid 
genome (Table 8). Gene transfer could be demonstrated on biopsy 
samples taken as late as month 10 after vector administration 
(Figure 20, lanes 5-8). Examples of undetectable gene transfer by 

Table 7. Neutralizing AAV antibody titers 



Southern blot 
on muscle F.IX 
biopsy* immunoriistochemistry 



all subjects and used 



Pos(4) 
Pes (1.5) 
Pes (2.5) 



Pes ((5.5) 
Neg 

Pes (8.5) 



with AAV lacZ. Serf 
activity is 5ffl% or 
negative control mi 



cubated with serial dilutions of patient se: 
:ored positi ve far n eutratizing AAV antibodi 
ss of that observed when rMV-lacZ was preincubated with 



and transduced percentage 



Maxcircindicatesmi 



Southern blot(< 0.5 copies/diploid genome) are shown in lane 4 of 
Figure 2C and lanes 8 and 9 in Figure 2D (summarized in Table 8). 

lb »ssc Dxprcss ) 1 il donated aw n I >p red mu le ,- ( 
performed both immunofmorescent and immunoperoxidase staining for 
F.IX (Figure 3). All examined tissue samples showed healthy muscle 
architecture without evidence for inflammation (Figure 3A and data not 
shown). Eight of 10 biopsies contained areas positive for expression of 
the donated gene up to month 10 after transduction (Table 8); these were 
typically found adjacent to tissue blocks negative for transgene expres- 
sion, likely dependent on how close the biopsy samples were located to 
the main site of injection, All positive samples examined showed a 
mosaic-like pattern of F.IX staining, with brightly staining positive 
fibers directly adjacent to negative fibers (Figure 3B-G). Furthermore, 
there was extensive extracellular staining of the secreted F.IX (Figure 
3B.D-G). This partem is identical to that seen previously in injected 
animal tissues. 22 - 23 In a few cases (eg, subjects A, E, and F) there was 
discordance between results for gene transfer and expression. This likely 
proceeds from the exigencies of processing a small sample for multiple 
studies; each muscle biopsy sample was subdivided into fragments that 
were then used independently for PCR, Southern blot, or immunohisto- 
chemistry. Based on previous experience with muscle biopsies in large 
animals, it is clear that sampling of injected sites can be an imprecise 
process and that biopsy material can routinely contain injected tissue as 
well as uninjected adjacent tissue. 

In addition to the studies performed to assess gene transfer and 
expression, we performed other immunohistochemicaf studies in 
an attempt to elucidate the basis of the mosaic-like pattern of 
transgene positivity seen in the muscle samples. Based on a report 
by Huard and colleagues, 30 we hypothesized that slow fibers of 
human muscle are preferentially transduced by rAAV-2. Pruchnic 
et al showed abundant presence of HSPGs, which act as a receptor 
for AAV-2, 31 in murine slow-twitch (but not fast-twitch) fibers. 
Adjacent sections from the muscle biopsy of subject G were stained 
with antibodies to slow-twitch myosin or to human F.IX (Figure 
4E-F). These showed excellent concordance between slow-twitch 
fibers and F.IX expression. In another experiment we found 
excellent concordance between expression of HSPGs and of 
slow-twitch myosin in muscle fibers (Figure 4C-D). Finally, the 
of muscle fibers in the vastus lateralis muscle was 
determined to be approximately 30% to 40% slow-twitch and 60% 
to 70% fast-twitch fibers (Figure 4A-B). This is in good agreement 
with older literature assessing slow/fast-twitch fiber composition 
for this muscle in humans. 32 
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Figure 2. Southern blot analysis of gDNA isolated 
from injected human skeletal muscle tissue. (A) 

Diagram of AAV vector containing the CMV IE enhancer/ 
promoter, P (CMV), exert 1 and a 1.4-kb portion of intron 
1 the human FIX (FS) gene (intron I), exons 2-8 of the 
human F.IX cDNA (F.IX cDNA) including 0.2-kb of the 
3' -untranslated region, and the SV4® pdyadenylation 
signal (SV4ffl). The expression cassette is Banked by 
AAV-2 ITRs (B-D) Total gDNA was isolated from biopsied 

vector-specitc ©7-kb fragment (CMV IE enhancer/ 
promoter), or restricted with EcoRI, which cuts once in 
the middle of the vector resulting in a 4.5-kb fragment 
(unit length of the vector) for vector sequences present 
as concatemers or mmomeric circles. Alternatively, gDNA 
was restricted with C/al (which does not cut in the vector 
genome) or with BamHI, which cuts once within the 
vector and thus all owing a distinction between head-to- 
tail (4.5-kb) and head-to-head/tail-to-tail (8-kb and 1-kb, 
respectively) concatemeric arrangement. Plasmid stan- 
dards (18-108® pg/lane) encoding the AAV vector ge- 
nome were cut with SgJll for estimation of gene copy 
number. gDNA (15 ^g, restricted or undigested) and 
pDNA were separated on 1% agarose gels. Southern 
blotted onto a nylon membrane, and probed with a 
M P-random prime-labeled 0 7-kb SgJI! fragment repre- 
' senting the CMV enhancer/promoter. Sizes of bands 
were estimated by comparison with a size markar (1-kb 
ladder; Gibco BKL). Ind cated are high-molecular-weight 
(HMW), putative head-to-head (h:h) and head-to-tail (h:t) 
fragments (note that a tail-to-tail fragment is not recog- 
nized by the probe) and circular monomeric forms (j). 
Southern blot analyses are shown for muscle biopsy of 
subjects C and D (pane] B, 2 months after vector 
administration), subjects D and F (panel C, 10 and 2 
months after vector administration, respectively), and 
subjects F, G. and H (panel D, 6, 2, and 2 months after 
vector administration , respectively). 



Due to the morbidity of the procedure, subjects were reluctant 
to proceed with subsequent muscle biopsies, and only 2 biopsies 
were available from the 6-month and 10-month time points, Both 
showed evidence for gene transfer and expression, with copy 
number and expression undiminished compared to the 2-month 
time points, 



Factor usage 

Prior to vector injection, usage of factor concentrate in subject A, 
administered in an on-demand regimen, averaged 3.7 treatments 
per week. During 2 years of follow-up after vector administration, 
he reduced factor usage by 50%. 
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Figure 4. Histochemical analysis of human vastus lateralis muscle and vector 
transduction. (A-B) Immunohistochemical stain for fast-twitch (A) and slow-twitch 
(B) isoforms of myosin. (C-D) Simultaneous immunoBuorescence stain for slow- 
twitch myosin (C) and HSPG (D) indicates cytoplasmic HSP6 stain in slow-twitch 
muscle tbers, (E-F) Colocalization of F IX transgene expression (E) and slow-twitch 
muscle tbers (F) on serial sections of biopsy from subject Q, 2 months after vector 
administration- Original magnification x 133 for panels A-F 

Subject B treated himself on average 4.1 times a week prior to 
treatment with the vector. During the first 24 months after vector 
treatments (and continuing to the present), he reduced his factor 
concentrate usage by 50%. There were no changes in the treatment 
patterns recorded by subjects C through H before and after vector 
administration. 

Factor levels 

Four of the 8 subjects had F.IX levels higher than baseline at time 
points that were at least 10 days after the most recent factor 
infusion. Subject A was first noted to have a F.IX level higher than 
baseline at 8 weeks after injection and was again noted to have a 
level higher than baseline (1.4%) at 12 weeks, 14 days after the 
most recent factor infusion. This sample was measured at more 
than 1% in 4 different clinical laboratories. Subject A had a 1% 
level measured 52 weeks after treatment with the vector. Subject B 
also showed measurable increases in F.IX levels, from a baseline of 
less than 0.3%, up to 0.8%. Subject D had a measured level of 0.7% 



at 8 weeks, with a baseline of 0.2%. Subject G had a level of 0.8% 
at 4 weeks after treatment. All other F.IX levels, measured at least 
14 days after factor concentrate infusion, were less than 1% in the 
remaining subjects (Table 9). 



Discussion 

This report describes the first clini cal study in which an AAV vector 
was administered by parenteral injection. Recombinant AAV in 
doses up to 1.8 X 10 12 vg/kg was well tolerated when introduced 
into skeletal muscle, and there was no evidence of serious loca! or 
systemic toxicity. Muscle biopsies demonstrated gene transfer and 
expression in the majority of subjects tested, with one biopsy (the 
only one performed at a late time point) documenting undiminished 
gene copy number and expression 10 months after vector adminis- 
tration. This observation is consistent with preclinical studies that 
have documented expression in mice for over 1 year after 
intramuscular injection and in dogs more than 4 years after 
injection 22 ' 23 (R.W.H. etat, unpublished results, 2001). 

The design of this initial trial reflects safety considerations 
arising from the lack of clinical experience with rAAV and from 
characteristics unique to the hemophilia population, In preclinical 
studies, we demonstrated that either skeletal muscle or liver could 
serve as a target tissue for AAV-mediated gene transfer and that 
therapeutic levels of circulating F.IX could be obtained in mice and 
hemophilic dogs with either rotite of administration. 21 - 23 ' 33 - 3 ' 1 Sev- 
eral factors influenced the decision to use skeletal muscle as the 
target in these initial clinical studies. At the time that the study was 
begun (June 1999), there was no experience with parenteral 
administration of AAV; the only prior human studies had been 
(topical) administration of rAAV into the maxillary sinuses or the 
respiratory tracts of individuals with cystic fibrosis. 35 Thus, paren- 
teral studies were initiated at a peripheral rather than systemic site. 
In addition, intramuscular injection is a familiar and relatively 
noninvasive technique, whereas administration of vector to the 
hepatic circulation requires an interventional radiology procedure 
at a minimum. This also favored muscle as a target tissue. The high 
prevalence of hepatitis in the adult hemophilia population 36 -' 0 also 
dampened enthusiasm for a liver-directed approach. Finally, biodis- 
tribution studies in mice and rabbits suggested that the risk of 
inadvertent germline transmission of vector sequences was lower 
with an intramuscular approach, 39 - 42 a supposition since supported 
by findings in the first subjects enrolled in a subsequent liver- 
directed trial. 43 " 45 On the other hand, it was clear from our own 
studies ond those of others that there was a dose advantage in favor 
of liver, 21 ' 34 ' 46 -' 18 and that all the necessary posttranslational modifi- 
cations would be accurately and efficiently executed in She 
hepatocyte, a condition that does not always obtain in skele- 
tal muscle. 8 



Table 9. F.IX assay percentages 



ND indicates not done. 

"Specimen may have been drawn less tnan 14 days after infusion. 



2970 MAN NO et al 



BLOOD, 15 APRIL 2083 - VOLUME 101, NUMBERS 



Study population and vector administration 

Each of the S subjects has a different missense mutation as the 
cause of his disease. This is typical for hemophilia B, where no 
single mutation predominates. Intramuscular injection of rAAV 
appears to be safe at the doses administered here. A consistent 
finding was the absence of any symptoms or signs of systemic 
illness during follow-up after vector injection. Most of the adverse 
events observed were related to trauma surrounding the intramuscu- 
lar injections in subjects with bleeding disorders, or to the 
subsequent muscle biopsies performed to permit assessment of 
gene transfer and expression in this phase 1 study. Such a procedure 
would not be a routine part of therapeutic vector administration. 

Biodistribution studies 

A potential adverse event unique to gene transfer studies is the risk 
of inadvertent germiine transmission of the donated DNA se- 
quences, Because vector integration into germ cells, if it occurs, is 
likely to be random in the setting of rAAV, an integration event 
could potentially have disastrous effects for progeny conceived 
from such a germ cell. Thus, a working guideline is that germiine 
transmission of vector DNA should be avoided. 40 ' 42 Biodistribution 
studies performed here document that there is no evidence of vector 
DNA in semen samples obtained from subjects at any time point 
following vector injection. Thus, the risk of inadvertent germiine 
transmission of vector sequences would appear to be very low for 
doses up to 1.8 x I0 12 vg/kg delivered to skeletal muscle. See 
"Appendix" for additional notes on the biodistribution studies. 

Absence of antibodies to F.IX 

A major safety concern in any novel treatment for hemophilia is the risk 
of developing inhibitory antibodies to the clotting factor. 49 " 50 Subjects 
with a previous history of inhibitory antibodies formed in response to 
infused F.LX protein were excluded from this study. However, data 
generated in animal models suggest that antigen processing and 
presentation of F.IX may differ in protein infusion approaches versus 
gene transfer approaches. 31 " 53 In the studies shown here, there was no 
evidence of formation of ei tlie: inhibitory or noninhibilory antibodies 
following vector injection. Two specific exclusion/inclusion criteria may 
have been key to this safety feature. First, we limited enrollment to 
individuals with missense mutations; those with nonsense mutations, 
gene inversions, or gene deletions were excluded from participation. 
The rationale for this was based on studies in 2 different hemophilia B 
dog models, 23 ' 28 - 3,1 Animals with missense mutations generally did not 
form inhibitory antibodies to canine F.IX after intramuscular vector 
injection (except at high doses), whereas animals with an early stop 
codon routinely developed inhibitory antibodies to AAV vector- 
encoded canine F.IX even at low doses. This finding is consistent with 
older observations 55 derived from studies of patients with hemophilia B 
treated with clotting factor concentrates, which demonstrated that 
individuals with missense mutations virtually never develop inhibitory 
antibodies, whereas those with mutations that result in substantial loss of 
coding information (eg, gene deletions, early stop codons) have a risk of 
inhibitor formation considerably higher than the hemophilia population 
as a whole. It is important to note that, in dogs with hemophilia B due to 
an early stop codon, inhibitory antibodies could be elicited even at 
vector doses too low to result in detectable circulating levels of F.IX. 
Thus for individuals with mutations that result in a substantial loss of 
coding information, there is a risk of inhibitor formation even at low 
doses of vector. 

The second key feature in avoiding inhibitor formation was a 
strict limitation on the dose of vector injected at each site. In earlier 



studies in hemophilic dogs, we had shown that the risk of 
generating inhibitory antibodies increased with increasing vector 
dose per site. 28 A change in the dose per site changes several 
variables that may affect antigen presentation; the total number of 
viral particles rises, the amount of antigen produced per site rises, 
and the level of any contaminant in the vector preparation also 
rises. Whatever the mechanisms involved, dog studies suggest that 
keeping the dose per site below 2 X 10' 2 vg reduces the risk of 
inhibitory antibody formation. 

Antibodies to AAV 

A potential obstacle to therapy with rAAV is the presence in a 
substantial portion of the human population of neutralizing antibod- 
ies to the wild-type AAV capsid. 56 Thus one goal of these studies 
was to determine whether these antibodies block gene transfer and 
expression with a rAAV vector. Comparison of the data in Table 7 
and Table 8 suggests that transduction is not blocked, because 
subjects with high-titer pretreatment neutralizing antibodies (sub- 
jects A, B, D, E, and G) al! had evidence on muscle biopsy for gene 
transfer or expression or both. See "Appendix" for additional notes 
on neutralizing antibodies to AAV. 

Evidence for gene transfer and expression on muscle biopsy 

Analysis of transduced muscle tissue lias afforded the opportunity 
to determine how accurately studies in hemophilic dogs have 
predicted results in humans. The findings reported here in this first 
human study are remarkably similar to those we reported in studies 
in the large animal model. 23 In both cases, vector DNA is detectable 
on Southern blot of injected tissue as a high-molecular-weight 
form, gene copy number is about 0.5 to 4 copies/diploid genome at 
doses of about 1.5 X 10 12 vg/site, and immunohistochemistry 
shows the same checkerboard pattern of positively staining fibers 
directly adjacent to negative fibers. 

A puzzling feature of early studies of muscle-directed gene transfer 
with rAAV was the universally noted mosaic-like pattern of transgene 
expression. 17 - 37 Huard and colleagues provided evidence in studies in 
mice to suggest that this pattern reflects differences in Ihc abundance of 
HSPG on slow and fast muscle fibers, 30 and we show here that the same 
explanation applies in human muscle. This finding had an important 
consequence for the clinical study, because the site initially selected for 
muscle injection, the vastus lateralis muscle, chosen for its ease of access 
for both injection and biopsy, is one with a moderately low slow fiber 
content. Thisdiscovery resulted in amodification to the clinical study,to 
include as injection sites the deltoids and the soleus, where slow fibeis 
comprise 6 I'd and 85% of the muscle, respectively. 32 

Need for higher doses and practical limitations to dose 
escalation 

As reported previously and as shown in Table 10, vector doses of 
1 .8 X 10 12 vg/kg reliably yield circulating F.IX levels of more than 
1% in mice, whereas 4- to 5-fold higher doses (8.5 X 10 12 vg/kg) 
are required for levels more than 1% in dogs. At the outset, it was 
unclear whether mice or dogs would more accurately predict dose 
response in humans, but based on data from this phase 1 study, it is 
clear that doses of 1.8 X 10 12 vg/kgdo not yield levels of more than 
1% F.IX in humans and that higher doses will be required. A major 
limitation to dose escalation, however, is the need to inject larger 
numbers of sites as the dose is increased. This requirement rests on 
3 distinct features of AAV-mediated gene transfer and F.IX 
expression in skeletal muscle. First, F.IX undergoes extensive 
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Table 10. AAV-F.IX muscle results in 3 species 



ND indicates not done. 
"See Herzog et ai. 22 
See Herzog et si. 23 



posttranslational modification, and skeletal muscle has only a 
limited capacity l.o accurately and efficiently execu tc these changes. 
At high levels of synthesis, biologically inactive material is 
secreted. 8 Second, in studies in large animal models, we have 
shown that the risk of inhibitor formation in hemophilic dogs 
increases with increasing dose per site, so that avoidance of this 
complication requires injection of progressively higher numbers of 
sites as the dose is raised. 2S ' is Finally, there is a theoretical 
limitation on dose per site for receptor-mediated uptake of vector. 
Note that the use of alternate serotypes that transduce muscle more 
efficiently 59 ' 50 may circumvent the third limitation, but would have 
no effect on the other 2. 

Absence of a clear dose-response effect 

At the vector doses administered in this trial, efficacy was quite 
limited, with 2 of 8 subjects demonstrating a small elevation of 
F.1X levels (> 1% but < 2%), and 2 of 8 subjects reducing the use 
of F.1X concentrate by at least half for periods of more than 1 year. 
Because dose escalation was stopped at a dose considerably lower 
than we had originally proposed (Table 1), it is perhaps not 
surprising that a clear dose-response relationship could not be 
demonstrated. Several groups have reported methods for measur- 
ing very low levels of circulating F.VIII on plasma samples; it will 
be of interest to determine whether these can also be extended to 
F.IX, 61 ' 62 because more sensitive measures at low levels may permit 
analysis of whether a dose response is occurring. 

Of interest is that a subject who received the lowest dose of 
vector achieved the highest level of expression (subject A). One 
factor that may have elevated this subject's circulating levels of 
F.IX was the coadministration of zidovudine. As we have previ- 
ously shown, 63 the presence of zidovudine in the culture medium 
increases levels of transgene expression by as much as 30-fold in 
AAV-transduced cells for reasons that are not clear. Subject A is the 
only one who was taking zidovudine, which may account at least in 
part for his better than average response. Note that lot-to-lot 
variation in vector preparations should not be a factor in the 
absence of a clear dose response, because each lot undergoes 
potency testing through transduction of cultured cells and is not 
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released for clinical use unless the amount of F.IX produced per 
vector genome falls within a specified range. 

Summary 

in this report we have demonstrated that intramuscular injection of an 
AAV vector encoding human F.IX was well tolerated with no significant 
systemic or local toxicities in 8 human subjects, Vector was not detected 
in the semen at any time point, consistent with animal data suggesting a 
low risk of vertical transmission of rAAV vector given by this route. 
Antibodies to F.IX were not detected, either by Bethesda assay or by 
Western blot. PCR analysis, Southern blot, and immunohistochemistry 
of biopsied injected muscle provided clear evidence of gene transfer and 
expression following intramuscular injection of AAV-F.IX. Although 
circulating levels of F.IX were less than what is required for a 
therapeutic effect, the study illustrates that the general characteristics of 
AAV transduction in skeletal muscle are similar in animals and humans. 
The data reported here are the foundation for ongoing studies in which 
AAV-F.IX is introduced into the liver in patients with severe hemophilia 
B. As secretion of F.IX from hepatocytes is much more efficient than 
secretion from muscle cells, it may be possible to achieve therapeutic 
levels with this approach in humans, as has already been established in 
hemophilic dogs. 48 In addition, these findings have important implica- 
tions for treatment of muscular dystrophies^ or for other diseases where 
lower levels of protein secretion from skeletal muscle ar 
therapeutic effect. 65 ' 66 



Appendix 

Notes on biodistribution studies 

Generally, the biodistribution studies demonstrate that vectoi-s can be 
detected in serum, saliva, and urine for 24 hours after intramuscular 
administration of the vector and only occasionally thereafter. In a recent 
study by Favre et al, 67 the authors demonstrated that white blood cell 
(WBC) DNA was positive for vector sequences up to 9 months following 
intramuscular injection of rAAV in nonhuman primates. Although WBC 
DNA was not specifically analyzed in this study, this is the likely 
explanation for the positive serum sample at 1 2 weeks in subject E. Another 
important point demonstrated in the Favre et al 67 study is that in tedious 
AAV was never detected in body fluids obtained more than 3 days after 
injection, suggesting that the PCR-detectable sequences isolated at later 
time points do not represent a risk for horizontal transmission. See 
"Biodistribution studies" in "Discussion" for additional information. 

Notes on anti-AAV antibodies 

Infection with wild-type AAV occurs via the respiratory tract; whether the 
neutralizing antibodies measured in the in vitro assay described here have 
any predictive value for transduction of skeletal muscle (or liver) is not 
clear. In this study, more than 10 12 vector genomes were delivered to each 
injection site. It is likely that such high local particle concentrations would 
overwhelm even a high-titer neutralizing antibody. See "Antibodies to 
AAV" in "Discussion" for additional information. 
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Reactive Astrogliosis in the Neonatal Mouse Brain and Its Modulation 
by Cytokines 



Vijayabaian Balasingam, Trevor Tejada-Berges, Erin Wright, Radka Bouckova, and Voon Wee Yong 

Montreal Neurological Institute, Department of Neurology and Neurosurgery, McGill University, Montreal, Quebec H3A 
2B4, Canada 



Reactive astrogliosis is a characteristic response of astro- 
cytes to inflammation and trauma of the adult CNS. To as- 
sess the hypothesis that cytokines from inflammatory mono- 
nuclear cells that accumulate around lesion sites have a role 
in modulating astrogliosis, this study sought to take advan- 
tage of the neonatal system in which astrogliosis is reported 
to be minimal following injury and in which the immune sys- 
tem is relatively immature compared to adult animals. A ni- 
trocellulose membrane implant into the cortex of postnatal 
day 3 mice resulted in a tremendous astrogliottc response 
4 d later, as measured by glial fibrillary acidic protein (GFAP) 
immunoreactivity and GFAP content. In contrast, a neonatal 
stab wound produced limited astroglial response when com- 
pared to the adult stab wound. Utilizing the neonatal stab 
wound model, cytokines were microinjected into the wound 
site at the time of injury. All cytokines tested {7-IFN, 1L-1, 
IL-2, IL-6, TNF-a, and M-CSF) resulted in a significantly in- 
creased astrogliosis. The specificity of the cytokine re- 
sponse was demonstrated by the inability of human 7-IFN, 
but not mouse 7-IFN, in enhancing neonatal mouse astrog- 
liosis, in accorda nee with re ports that the interaction of 7-IFN 
with its receptor occurs in a species-specific manner. We 
conclude that neonatal astrocytes can become reactive if 
an adequate injury stimulus is presented, and that the re- 
lease of immunoregulatory cytokines by cells around lesion 
sites may be a mechanism that contributes to the production 
of gliosis. 

[Key words: astrogliosis, cytokine, gliosis, interferon, glial 
fibrillary acidic protein, neonates] 

Reactive astrogliosis, where astrocytes undergo hypertrophy and/ 
or proliferation in addition to other histological and enzymatic 
changes, is a prominent aftermath following trauma and inflam- 
mation to the CNS (Latov et al„ 1 979; Smith et al., 1983; 
Mathewson and Berry, 1985; Maxwell et al„ 1990a,b). A long- 
term result of the astrocytic reaction can be the formation of a 
glial scar at the lesion site (Reier et al., 1983; Liuzzi and Lasek, 
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1987), which, via yet poorly understood mechanisms, may in- 
hibit axonal regeneration or remyelination. 

Injury to the CNS also involves the recruitment of both en- 
dogenous and exogenous inflammatory mononuclear cells, par- 
ticularly when the blood-brain barrier is breached (Kitamura 
etal., 1972;Tsuchihashi etal., 1981; Giulian, 1987; Giulian et 
al., 1989; Morshead and van der Kooy, 1990; Milligan et al., 
1991; Woodroofe et al., 1991; Taupin et al., 1993). The cyto- 
kines released by the inflammatory mononuclear cells may have 
a role in modulating astrogliosis. This notion is supported by 
studies where the administration ofinterleukin-1 (IL-1) (Giulian 
et al., 1988), interleukin-2 (IL-2) (Watts et al., 1989), and in- 
terferon^ (7-IFN) (Yong et a!., 1991a) into the adult rodent 
brain increases the extent of glial fibrillary acidic protein im- 
munoreactivity (GFAP-IR). Intraocular injections of 7-IFN, tu- 
mor necrosis factor-a (TNF-a), and IL- 1 have also been reported 
to evoke gliosis in rabbits (Brosnan et al., 1989). In addition, 
in vitro evidence for the proliferation of neonatal rat or calf 
bovine astrocytes in response to IL- 1 , IL-6, and TNF-a (Giulian 
and Lachman, 1985; Nieto-Sampedro and Berman, 1987; Sel- 
maj et al., 1990), and human astrocytic cell lines or primary 
human astrocytes to TNF-a and 7-IFN (Barna et al., 1 990; Yong 
etal., 1991a, 1992) have given further credence to the director 
indirect role of cytokines in promoting astroglial reactivity. 

While the presentation of astrogliosis is common to injuries 
occurring in the adult CNS, injuries inflicted during embryonic 
or neonatal periods have been observed to produce minimal 
astrogliosis, if any at all, in cortical stab wounds (Sumi and 
Hager, 1968; Bignami and Dahl, 1976; Berry etal., 1983; Max- 
well et al., 1990b) and spinal cord lesions (Osterberg and Wat- 
ten berg, 1963; Gearhart et al., 1979; Bernstein et al., 1981; 
Barrett at al., 1984), although this contention has been chal- 
lenged (Roessmann and Gambetti, 1986; Moore et al., 1987; 
Trimmer and Wunderlich, 1990). Reasons postulated for the 
lack of astrogliosis in neonatal CNS injuries have included the 
relative immaturity and plasticity of neonatal astrocytes and 
neurons, and the lack of myelin in neonatal animals. Since the 
immune system in neonatal animals is relatively immature com- 
pared to adults (Hobbs, 1969; Abo etal., 1983; Lu and Unanue, 
1985; DePaoli eta!., 1988; Hannetetal., 1992), the consequent 
lack of cytokine production to evoke astrogliosis may constitute 
a probable cause of the lack of astrogliosis following neonatal 
CNS injuries. To explore this postulate, the aim of the present 
study was to inflict damage to the neonatal brain, to document 
the resultant extent of astrogliosis, and to determine whether 
this extent could be increased by exogenously administered cy- 
tokines. 

Initial studies using the implantation of a piece of nitrocel- 
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lulose membrane (NC) into the cerebral cortex of postnatal day 
3 (P3) mouse resulted in extensive GFAP-1R and increased 
GFAP content when measured 4 d postinjury. In contrast, a 
neonatal stab wound resulted in minimal astrogliosis, in accor- 
dance with the multitude of reports that have documented min- 
imal astrogliosis in neonatal animals following a stab injury 
(Sumi and Hager, 1968; Bignami and Dahl, 1976; Berry et al., 
1983; Maxwell et al., 1990b) compared to an adult stab wound 
(Cavanagh, 1970; Mathewson and Berry, 1985; Hozumi et al„ 
1990; Maxwell et al., 1990a). 

Using the neonatal stab wound model, with its minimal as- 
trogliosis, a bolus dose of cytokines (20 U in 2 /xl) was admin- 
istered to the stab cavity immediately following the injury. We 
demonstrate that while controls had minimal astrogliosis 4 d 
after, cytokine-treated animals had extensive astrogliosis. All 
cytokines tested [■v-IFN, IL-1, IL-2, IL-6, TNF-a, and human 
macrophage colony-stimulating factor (M-CSF)] provided for 
enhanced astrogliosis as determined by GFAP-IR. The species 
specificity of the cytokine effect was demonstrated by the in- 
ability of human -y-IFN to evoke a gliotic response in accordance 
with reports that the interaction of 7-IFN with its receptor oc- 
curs in a species-specific manner (Gray et al., 1989; Hemmi et 
al., 1989; Rubio and de Felipe, 1991; Plata-Salaman, 1992). 
The results suggest that the occurrence of astrogliosis in neonatal 
animals is dependent on the type of injury inflicted, and that 
the release of immunoregulatory cytokines by cells around lesion 
sites could be a mechanism that contributes to the production 
of astrogliosis. 

Materials and Methods 

Creation of brain injury in neonatal mouse. Postnatal day 3 CD1 mouse 
pups (of either sex from standard-sized litters) obtained from a com- 
mercial source (Charles River Canada, Montreal, Canada) were anes- 
thetized with inhalational methoxyflurane. An incision was made in the 
skin overlying the skull, and an iris scissors was used to make a 1 mm 
cut in the skull. Three different types of injuries were then inflicted in 
groups of animals. For NC stab injury, a dry 1 mm* piece of nitrocel- 
lulose membrane (Schleicher and Schueil, Keene, NH) previously boiled 
in three changes of water to remove surfactant (Rudge et al„ 1989) was 
inserted into the parietal cortex perpendicular to the surface and re- 
moved immediately. For NC implant injury, animals were treated in 
the same manner but the membrane was left in place for the entire 
duration of the experiment (4 d). For scissors stab animals, an iris 
scissors was used to make a 1-mm-deep cut to the parietal cortex. The 
incision was closed using Krazy Glue and the pups were kept under a 
heat lamp for 1 hr before being returned to their nursing mothers. 

Creation of scissors stab injury in adult mouse brains. Female CD1 
retired breeders (Charles River Canada, Montreal, Canada) were anes- 
thetized with an intraperitoneal injection of chloral hydrate (ISO mg/ 
kg) and immobilized in a stereotaxic frame. A midline incision was 
made and a unilateral circular (2-mm-diameter) craniectomy was per- 
formed over the left hemisphere by using a dental drill. The scissors 
stab injury was inflicted as described for neonates and the animals were 
kept under a heat lamp for 1 br postsurgery. 

Administration of cytokines to neonatal animals in vivo. Immediately 
following the scissors stab injury, a 22 gauge Hamilton microinjector 
(Hamilton Company, Reno, NV) attached to a stereotaxis instrument 
was used to deposit 2 ii\ of recombinant cytokine solution {10 U/mL) 
directly to the wound site. Injection rate was 1 (tl/min. The skin incision 
was closed with Krazy Glue as above. The following recombinant cy- 
tokines suspended in 0.2% BSA were utilized: murine 7-IFN, human 
7-IFN, human IL-1 (a, 0), human IL-2, human IL-6, human tumor 
necrosis factor-cr (TNF-a) and human macrophage colony-stimulating 
factor (M-CSF). These were chosen to reflect cytokines predominantly 
released by T-lymphocytes (7-IFN, IL-2, and M-CSF) or microglia/ 
macrophages (IL-1, IL-6, TNF-cf) that are likely to be present at lesion 
sites, although astroglia have the potential to make some of these cy- 
tokines under selective conditions (Wesselingh et al., 1990). Except for 



7-IFN, all the human cytokines used are described to be effective on 
murine cells by the manufacturers (Genzyme, Cambridge, MA; United 
Biotechnology Inc., Lake Placid, NY). 

Qualitative and quantitative assessment of GFAP-IR in situ. All an- 
imals were killed by COj asphyxiation 4 d following surgery; this time 
point was chosen to reflect our findings (Moumdjian et al„ 1991; Yong 
et al., 1991a) and those of others (Norton et al., 1992) that the extent 
of GFAP-IR is likely to be extensive at this juncture, at least in adult 
stab injuries. Brain was removed and quick-frozen in isopentane on dry 
ice. Ten micrometer coronal sections were obtained on gelatin-coated 
slides and subjected to immunofluorescence for GFAP (glial fibrillary 
acidic protein), a cytoplasmic intermediate filament specific for astro- 
cytes (Eng, 1985). In brief, sections were air dried for 10 min and fixed 
in 70% ethanol for 20 min. After washing with phosphate-buffered saline 
(PBS), each section was treated for 2 hr with 3% ovalbumin (Sigma) as 
a blocking step priorto incubation with a rabbit anti-GFAF polyclonal 
antibody (1:100; Dako Corp.) for 6 hr at room temperature. Following 
a brief rinse with PBS, a goat anti-rabbit immunoglobulin conjugated 
to FITC (1:75; Jackson) was introduced for 1 hr. Negative control for 
immunohistochemistry was replacement of the primary antibody wiih 
the diluting medium for antibody , HHG ( 1 hvm HEPES buffer, 2% horse 
serum, 10% goat serum in Hanks' balanced salt solution). This was 
followed by a brief rinse in PBS and a final water rinse before mounting 
with Gelvatol. Slides were coded so that the qualitative assessment of 
GFAP-IR could be performed blind. Examination was restricted to the 
cortical regions, since astrocytes in these areas, unlike those in the ex- 
ternal glia limitans and corpus callosum, are normally not GFAP-IR 
although containing this intermediate-filament protein (Bignami and 
Dahl, 1974). The area of the cortex containing GFAP-IR astrocytes was 
qualitatively tabulated from + to + + + + in ascending order of cortical 
area covered by GFAP-IR astrocytes. 

Quantitative assessment of GFAP-IR for the different injury models 
was performed using a confocal laser scanning microscope (Leica Las- 
ertechnik, Heidelberg, Germany) following tmmunolabeling for GFAP. 
Only the dorsal cortex ipsilateral to the lesion site and its corresponding 
contralateral area were scanned for the quantitative assessment. The 
scanner was mounted on a Leica Fluovert FS Microscope and optical 
excitation was achieved on the 488 ran line of an argon laser. The 
emitted fluorescent light was directed through a band-pass filter peaking 
at 535 ± 7 nm before transmission to the photomultiplier. Samples 
were scanned with a 2,5 x, 0.08 NA objective in order to encompass 
the cortical ipsilateral hemisphere within the laser's image acquisition 
domain. The image was reconstructed from the averages of 64 passes 
per raster line (scan -64), in an attempt to obtain high signal-to-noise 
ratio. The same area of cortex (at lesion site) was examined in all ani- 
mals, the criteria being the density of GFAP-IR cells and the degree of 
spread of reactivity as one moved away from the wound site. Areas 
with GFAP-IR were traced out on each section to encompass only 
regions contributing to a cumulative immunofluorescence intensity with 
a standard deviation of 30. This criterion was adopted to achieve uni- 
form conservative estimates on the extent of astrogliosis in all groups 
except the scissors stab and NC stab animals. For the latter samples, 
the relatively small GFAP-IR cortical areas necessitated scanning using 
a 1 0 x , 0.30 NA objective in order to facilitate image acquisition. Images 
were also obtained (at scan -8) with a 40 x, 1.3 NA oil immersion 
objective for all groups, as a means to verify the presence of GFAP-IR 
astrocytes in all samples scanned with a lower-powered objective. 

Quantification of GFAP content. GFAP protein extraction and anal- 
ysis by sodium dodecyl sulfate-polyacrylamide gel electrophoresis (SDS- 
PAGE) were carried out via a modified protocol as previously described 
(Hozumi et al., 1990). Cortical lesion site was resected 4 d following 
injury and quick-frozen on dry ice. In addition, areas corresponding to 
the lesion site on the contralateral side as well as areas ipsilaterally 
anterior to the lesion site were also resected. Pooled resected cortical 
tissue from uninjured normal animals served as controls. Each sample 
(approximately 1 0 mg) was homogenized in 50 vol ol'IOO uim phosphate 
buffer (pH 7.4) containing 8 m urea at 4°C. The homogenate was boiled 
for 5 min on a heat block at 100*C and then analyzed for total protein 
content with a protein assay kit (Bio-Rad) that utilized bovine serum 
albumin as a standard. Six milligrams of protein extract were further 
diluted in sample buffer (50 dim Tris-HCI (pH 6.8), 2% SDS, 10% 
glycerol, --0. 1-0.05% bromophenol blue)and boiled for 5 min at 100°C. 
Samples (in 20 vol) were electrophoresed on a 10% SDS-PAGE for 
45 min at 200 V constant voltage, with different quantities of purified 
bovine GFAP (Boehringer-Mannheim) as standards. 
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After electrophoresis, the samples were transblotted to a piece of 
Immobilon P membrane (Millipore) at 100 V constant voltage for 1 hr 
at 4°C. The membrane was incubated in 5% skim milk in PBS (Blotto) 
followed by anti-GFAP antibody solution (Dako; diluted 1:1000 in 
Blotto) for 2 hr at 4°C, The membrane was rinsed in PBS and incubated 
in 135 I-Protein A (2 ftCi diluted in 20 ml of Blotto) for 1 hr. GFAP 
protein content was quantified on a phosphor-imager (Molecular Dy- 
namics) using image quant software. For each membrane, the concen- 
tration of GFAP in each sample was determined by comparison to a 
standard curve constructed from the integrated volumes occupied by 
the different purified bovine GFAP standards. The correlation coeffi- 
cient for the standard curves was always 0.98 or better. To allow for 
comparisons between different membranes, and because several initial 
Western blots on the same samples showed good reproducibility, GFAP 
content of test samples was expressed as a ratio of GFAP content from 
the pooled normal cortices on the same SDS-PAGE. Representative 
autoradiograms of Western blots have been included (sec Figs. 4, 6). 

Assessment of in vitro astrocyte proliferation. The procedure for the 
culture of neonatal astrocytes from postnatal day I CD1 pups, and 
assessment of proliferation have been described in detail elsewhere (Yong, 
1992). In all experiments, cells were treated once with test agents (see 
Table 3) and maintained for 4 d; 1 pCi of 3 H-thymidine was admin- 
istered during the last 16 hr of the experiment. 

Results 

Astrogliosis can occur after neonatal injury 
We confined our inspection of astrogliosis to the cortical regions 
since the cortex of normal animals show no GFAP-IR astrocytes 
(Fig. 1) although containing this intermediate filament protein; 
in contrast, normal brains demonstrate GFAP staining of the 
corpus callosum and the glia limitans (Bignami and DahS, 1 974). 
Initial experiments using a piece of NC inserted into the cortex 
of neonatal mouse for 4 d (NC implant) evoked extensive as- 
trogliosis as determined by the area of GFAP-IR (Figs. 1, 3). 
To reconcile this observation with the multitude of reports that 
have documented minimal astrogliosis in neonatal animals fol- 
lowing a CNS stab injury (Osterberg and Wattenberg, 1963; 
Sumi and Hager, 1968; Bignami and Dahl, 1976; Gearhart et 
a!., 1979; Bernstein et al., 1981; Berry et al„ 1983; Barrett at 
al., 1984; Maxwell et al., 1990b), we performed a scissors stab 
injury to the cortex in P3 mice. Four days later, GFAP-IR was 
minima! (Fig. 2); in contrast, a similar scissors stab injury to 
the adult mouse brain (Fig. 2) resulted in extensive gliosis with 
a spatial distribution described by Mathewson and Berry (1985). 
Furthermore, in neonatal animals stabbed with a piece of NC 
membrane that was then removed (NC stab), GFAP-IR was 
also minimal (Fig. 2), suggesting that the increase in the GFAP- 
IR observed in neonatal NC implant group was likely a factor 
of the duration of the NC implant in vivo. 

We quantitated the area of the cortex containing GFAP-IR 
astrocytes in the different injury models. Figure 3 confirms the 
extensive increase in GFAP-IR in the neonatal NC implant 
group, and the minimal astrogliosis following scissors stab or 
NC stab to the P3 pups. Similar quantitation for adult scissors 
stab injury indicates that the extent of gliosis in neonatal NC 
implant animals was even higher than that following adult scis- 
sors stab injury (Fig. 3). 

Protein extracts from the resected areas circumscribing the 







NC implant 










GFAP content 




Area 


of GFAP-IR 


(ratio of 


Injury 


(xlO 


Vm-) 


normal) 


Neonatal scissors stab 


30 


±2 (14) 


1.3 ± 0.1 (8) 


Neonatal NC stab 


53 


±5 (14) 


1.6 ± 0.2 (6) 


Neonatal NC implant 


1016 


± 37 (14)* 


3.0 ± 0.3 (13)* 


Adult scissors stab 


496 


± 22 (14)* 


Not done 



Values are mean ± SEM with number of samples shown in parentheses. Two 
brain sections per animal were scanned lo give the area of GFAP-IR. For mea- 
surements of GFAP content, a 10 mg piece of tissue circumscribing the lesion site 
was used per animal. 



* p < 0.05 compared to all the other groups, using one-way ANOVA with Duncan's 
multiple comparisons. 



lesion sites were electrophoresed on SDS-PAGE (Fig. 4). GFAP 
content (expressed as micrograms GFAP/mg total protein) at 
the lesion site was significantly increased in the neonatal NC 
implant injury model over both NC stab, scissors stab, and 
normal animals to correlate with the observed increase in GFAP- 
IR (Table 1). 

In a previous report (Moumdjian et al., 1991), we demon- 
strated that following a large stab wound to the adult rat brain, 
the extent of astroglial reactivity was extensive and involved 
also the contralateral hemisphere. In the present study with 
neonatal mice, no contralateral astrogliosis was documented for 
any of the injuries performed, including the NC implant group, 
where ipsilateral astrogliosis was extensive (Figs. 1, 2). Fur- 
thermore, when GFAP protein content was quantified from 
tissue some distance from the lesion site (corresponding con- 
tralateral area or ipsilateral areas at least 4 mm from the lesion), 
no changes could be documented from controls, even in the NC 
implant group (data not shown). Thus, while NC implant in 
neonatal mouse brains resulted in an increase in GFAP-IR (Fig. 
1) and GFAP protein content (Fig. 4), this was focal and re- 
mained confined to the area immediately circumscribing the 
lesion, 

The above findings of the increased GFAP-IR and GFAP 
content in the neonatal NC implant group, but not in the NC 
stab or scissors stab animals (Table 1), suggest that the occur- 
rence of astrogliosis in the neonatal brain is clearly feasible and 
is dependent on the type of injury inflicted. 

Cytokines can enhance neonatal astrogliosis 
Qualitative analysis. To assess the contribution of the immune 
system in producing astrogliosis, we augmented the neonatal's 
immature immune system with the administration of cytokines. 
The scissors stab-injured animals with its minimal astrogliosis 
now demonstrate enhanced GFAP-IR to most cytokines. As 
shown in Table 2, recombinant mouse t-IFN, IL-1, IL-2, IL-6, 
TNF-a, and M-CSF elicited increased GFAP-IR when com- 
pared to vehicle (0.2% BSA)-treated controls. In contrast, hu- 
man 7-IFN did not evoke astrogliosis over that of vehicle-treat- 



Figure 1. Implant of NC membrane into P3 mouse pups for 4 d increases the extent of GFAP-IR at the implant site (C). In C, the cortical area 
occupied by GFAP-IR astrocytes is encompassed within the traced outline. In normal neonates (A and B, representing the ipsilateral and contralateral 
hemispheres), or in the contralateral hemisphere of NC implant pups (£>), GFAP-IR was detected only in the corpus callosum {top of each frame) 
and glia limitans (bottom of each frame). Images in A-D were acquired by confocal laser scanning microscopy (described in detail in Materials and 
Methods) using a 2.5 x objective. £ is a higher magnification of the traced area in C, acquired using a 40 x objective, to denote the morphology 
and reactive nature of the astrocytes. 
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Figure J. Quantitative comparisons of the cortical area covered by 
GFAP-IR astrocytes in the different injury paradigms in mouse pups. 
Injury was inflicted on P3, and animals were killed 4 d after. Adult 
scissors stab animals have been included for reference. Each data point 
represents the image acquired from a single brain section. Two brain 
sections per animal, taken from the lesion site in alJ cases, from seven 
animals per group, were analyzed. Scissors stab (mean GFAP-IR area 
of 30 ± 2 x W pm^av NC stab (mean area of S3 ± 5 x !0 3 ^m 2 )w 
neonates elicited little astrogliosis when compared to neonate NC im- 
plant (mean area of 1016 ± 37 x IC /an*) or aduti ssok stab injuries 
(496 ± 22 x 10 3 ^m ; ). The introduction of 2 pi of 0:2% BSA to the 
neonatal scissors stab wound site resulted in increased GFAP-IR (mean 
area of 180 ± 27 x 10 s »m') compared to scissors stab atone, while 20 
U of 7-IFN in 0.2% BSA enhanced astroglial reactivity even further 
(mean area of 634 ± 54 x 10' pm 1 ). 



ed controls, in accordance with reports that the interaction of 
7-IFN with its receptor to elicit a response occurs in a species- 
specific manner (Gray el al., 1989; Hemrrii et.al., 1989; Rubio 
and de Felipe, 199 1 ; Plata-Salaman, 1 992). Vehicle (0.2% BSA> 
treated controls displayed moderate astrogliosis, compared to 
scissors stab-injured animals with minimal astrogliosis (fable 
2). 

Quantitative analysis. Our choice of cytokine (rmy-IFN) for 
quantification of extent of astrogliosis was determined by oar 
long-standing interest in y-IFN and its effects on glia (Yong et 
al., 1991a,b, 1992), The extent of astrogliosis was measured by 
the density of GFAP-IR cells and the degree of spread of reac- 
tivity as one moved away from the wound site (Fig. 5). 

Figure 3 shows that the administration of 0.2% BSA as a 
vehicle following a scissors stab injury increases the extent of 
GFAP-IR (mean area of 180 ± 27 x 10 3 pirn 2 ) compared to the 
scissors stab injury alone (mean area of 30 ± 2 x !0 5 tim 2 ), 
Comparisons between rm-y-IFNand its 0.2% BSA vehicle shows 
that the deposition of 20 U of rmy-IFN (mean area of 634 ± 
54 x 10 3 ftm 1 ) further increased the extent of astrogliosis by 
3.5-fold 0? < 0.01, Student's / test). 

Measurements of GFAP content (Fig. 6) of 10 mg samples 
circumscribing the cytokine-injected scissors stab site show that 
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Figure 4. GFAP content of tissues (approximately 10 mg wet weight) 
circumscribing the lesion site in the different injury paradigms in neo- 
natal animals. GFAP content was read off a standard curve generated 
by different amounts of purified GFAP (10-100 ng). The mouse GFAP 
bands ran at a slightly different molecular weight than the GFAP stan- 
dards (5 1 kDa) probably because the laiter were of bovi ne extract. GFAP 
content of normal mouse cortex was 0.3 fig/gm total protein, which 
corresponds to normal values reported by Goodletl et al. (1993). 



when expressed as a ratio of normal brains, GFAP contents for 
BSA and rmy-IFN groups are, respectively, 2.0 ± 0,4 (n of 8 
samples) and 1.9 ± 0.3 (n of 9 samples). Thus, while the GFAP 
content in tissue circumscribing the injected scissors stab site 




Figure 2. A scissors slab (A, B) ot an NC stab (C, D) to P3 mouse pups results in minimal astrogliosis when compared to NC implant in neonates 
(Fig, I) or scissors stab to adult mice (E, F). Because of the small GFAP-IR conical areas, neonatal brain sections in A-D were scanned using a 
10 x objective (in contrast to 2,5 x for NC implant in Fig. 1) to facilitate image acquisition. For visual comparisons, the images for adult scissors 
stab injury {E. F) are 10x objective acquisitions. A, C, and E are hemispheres ipsilatera! to the lesion site, while the corresponding contralateral 
hemispheres are depicted in S, R, and F. 
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Figure 5. Increased GFAP-IR in 
mouse pups treated with rnry- 1 FN fol- 
lowing a scissors stab wound (C, D) 
compared to vehicle (0.2% BSA) treat- 
ment (A, B). A and C are at the lesion 
site while B and D are hemispheres con- 
tralateral to the lesion, Quantitation of 
the area of GFAP-SR in each group is 
displayed in Figure 3; on average, rmy- 
IFN increased GFAP-IR by 3.5-fold 
over its BSA vehicle control. 



was increased over that of normal brains, nrt7-IFN did not 
elevate GFAP content when compared to its BSA vehicle con- 
trol. Hence, GFAP content (with no change) does not appear 
to reflect astrogliosis on the basis of GFAP-IR (3.5-fold increase) 
following rnrv-IFN treatment (Fig. 3). 

i < ■>, ./ \ t iome of neonatal astrocytes to cytokines 
Wc further addressed the contribution of cytokines toward pro- 
liferation of astrocytes, a frequent finding of astrogliosis (Ga- 
vanagh, 1970; Latov et a!., 1979; Janeczko, 1988, 1991; Tak- 
amiya et ai., 1988; Topp et a!., 1989), by testing for their in 



Table 2. Cytokines qualitatively increase the extent of GFAP-IR 
following neonatal scissors stab injury 



Treatment 


Number Extent of 
of mice GFAP-IR 


Scissors stab alone 


2 + 


0.2% BSA 


4 + + 


Human 7-IFN 


4 + + 


Mouse 7-IFN 


6 + + + + 


IL-lajS 


6 + + + + 


IL-2 


4 + + + + 


IL-6 


6 + + + + 


TNF-« 


4 + + + + 


M-CSF 


4 + + + + 


Brain sections were analyzed blind and the extent. of GFAP-IR in the ipsitateral 
cortex .tabulated from a scale of + (minimal) to + + + + (extensive). On average, 
four brain sections per animal were analyzed blind. 



vitro mitogenic capabilities. 3 H-thymidine measurements re- 
vealed that only rnvy-IFN and recombinant human IL-1 (rhlL- 
1) could alter proliferation in an antimitotic fashion (Table 3). 
Epidermal growth factor, a noncytokine growth factor that served 
as a positive control to indicate viability and responsiveness of 
neonatal, murine astrocytes to a defined mitogen, increased the 
proliferation of neonatal murine astrocytes. Thus, the ability of 
a cytokine to alter the proliferation of neonatal astrocytes in 
vitro does not predict its capability in enhancing GFAP-IR in 



Discussion 

The presentation of astrogliosis following injury 7 and inflam- 
mation to the adult CNS is a stereotypical occurrence recognized 
by increased GFAP-IR, a long-standing neuropathological hall- 
mark (Latov et al„ 1979; Smith et al„ 1983; Mathewson and 
Berry, 1985; Aquinoetal., 1988; Takamiya eta!., 1988;Hozumi 
et al., 1990; Maxwell et ai., 1990a; Moumdjtan el a!., 1991). 
These studies have highlighted a number of salient features 
associated with astrogliosis: astrocytic hypertrophy is more 
prominent and precedes astrocytic hyperplasia, astrocytic hy- 
pertrophy can occur in the contralateral cortex or other sites 
remote from the lesion site, and an increase in GFAP-IR is not 
necessarily paralleled by an increase in GFAP content. The 
reactive changes to astrocytes at the site of injury could be 
accounted for by the evolution of a number of factors related 
to the injury itself, including neuronal necrosis, mechanical 
changes in the tissue, ionic changes (Mathewson and Berry, 
1 985), or perhaps the disruption of the blood-brain barrier with 
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Figure 6. Despite the increa 
pared to 0.2% BSA vehicle, c 
the two groups. 

consequent migration: of inflammatory cells with the potential 
of cytokine production. 

In contrast, the majority of studies have shown that injury to 
neonatal CNS elicits minimal astrogliosis, if any (Osterberg and 
Wattenberg, 1963; Sumi and Hage.r, 1968; Bignami and Dahl, 
1976; Gearhart et al., 1979; Bernstein et al., 1981; Berry, et al., 
1983; Barrett at al., 1984; Maxwell et al., 1990b), although this 
contention has been challenged (Roessmann and Gambetti, 1 986; 
Moore et al., 1987; Trimmer and Wunderltch, 1990). Possible 
reasons attributed to the minimal gliotic response in neonatal 
injury have included the high degree of plasticity within the 
neonate's relative immature neural environment, and the lack 
of myelination. Since previous studies have implicated the ac- 
cumulation of inflammatory mononuclear cells and their cy- 
tokines at lesion sites of the CNS in modulating the reactive 
astrocytic changes (Kitatnura et al., 1972; Tsuchihashi et ai.. 



Treatment 


Concentration 


3 H-thymidine 
(% of controls) 


Control 


- 


100 ± 2 (129) 


BSA 


0.2% 


102 ±3 (15) 


Mouse 7-IFN' 


100 U/ml 


49.8 ± 3 (18)* 


Human -y-IFN" 


100 U/ml 


98.8 ±4 (12) 


IL-1«,|S 


1 U/ml 


85.8 ± 5 (7) 




10 U/ml 


71.0 + 3 (15)* 




100 U/ml 


78.4 ± 4 (23)* 




500 U/ml 


78.0 ±4 (12)* 


1L-2 


10 U/ml 


97.3 ± 4 (7) 




100 U/ml 


123 ± 4 (16) 




10 U/ml 


111 ± 5 (12) 




j 00 U/ml 


101 ± 6 (12) 




500 U/ml 


94.1 ±6 (11) 


TNF-« 


i U/ml 


117 ±7 (12) 




10 U/ml 


99.6 ± 6 (15) 




! 00 U/ml 


90.0 ± 5 (15) 




500 U/ml 


82.2 ± 6 (14) 


M-CSF 


5 CFU/rnl 


98.9 ± 5 (12) 




10 CFU/m! 


96.9 ±4 (11) 




50 CFU/ml 


111 ± 3 (12) 


EGF' 


5 ng/ml 


323 ± 34(12)* 



Results have been corripilcd from 16 different experiments uwolvinj 
culture series. In ai! experiments, cells were treated for 4 d with agents; 1 nCi of 
'H-thymidine was administered during the last 16 hr of experiment. Values are 
mean ± SEM whit number of coverslips analyzed shown in parentheses. 
- Confirms published results (Yongct al., 1992) lhal mouse but not human 7-lFN 
produces decrease in proliferation rate at 10, 100, and 1000 U/ml. 
" This noncytokinc growth factor was used as a positive mitogenic control. 
* p < 0.05 compared to controls {one-way ANOVA with Duncan's multiple com- 
parisons). 

1981; Giulian et al., 1987, 1989; Morshead and van der Kooy, 
1990, Milliganetal., 1991; Woodroofe et al., 199J; Yongetal., 
199 la; Taupin et al., 1993) and given the relative immaturity 
of the immune system in neonates compared to adults (Hobbs, 
1969; Abo et al., 1983; Lu and Unanue, 1985; De Paoli et al., 
1988; Hannet et a!,, 1992), we postulated that the immaturity 
Of the immune system in neonates may contribute to the lack 
of neonatal astrogliosis. To test this postulate, we sought to 
evoke astrogliosis in neonatal animals by administering Cyto- 
kines to the brain following injury. 

It was first necessary to document that the neonatal CNS had 
limited astrogliosis following injury. This was first initiated by 
implanting a piece of NC membrane into the P3 mouse brain 
for 4 d. What was observed, however, was a tremendous GFAP- 
IR (Fig. 1). In contrast, an iris scissors stab wound to the neo- 
natal brain (Fig. 2), similar to the stab models used by others 
with reports of minimal astrogliosis {Sumi and Hager, 1968; 
Bignami and Dahl, 1976; Berry et al, 1983; Maxwell et al., 
1990b), evoked little GFAP-IR and a small increase in GFAP 
content (Table 1). The cause of the NC implant in evoking 
astrogliosis in neonatal animals is probably due to its continued 
presence in vivo, since in the NC stab animals (injury using an 
NC membrane, which was then removed immediately), mini- 
mal astrogliosis was observed 4 d later (Fig. 2). It is probable 
that the continued presence of the NC implant against a back- 
ground of a maturing immune system provides a sufficient stim- 
ulus to evoke an immune cascade; the release of adequate cy- 
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tokines at the lesion site may then contribute to the extensive 
astrogliosis observed (Fig. 3). Whatever the explanation, the 
conclusion is that reactive astrogliosis as measured by GFAP- 
IR and GFAP content (Fig. 4) can occur in the neonatal brain, 
and that it is dependent on the type of injury inflicted (Table 1). 

In the NC implant model, astrogliosis was characterized by 
both an increased synthesis of GFAP intermediate filaments 
and hypertrophy of the astrocytic cytoplasmic processes. The 
functional role for the increase in this intermediate filament is 
not known. Smith et al. (1986) have reported that reactive as- 
trocytes could migrate on to an NC implant within 24-48 hr 
postimplantation in neonatal animals and that these astrocytes 
formed a terrain that facilitated axonal extension and regener- 
ation. These neonatal astrocytes also appeared to lack the ex- 
pression of putative growth-inhibitory molecules such as chon- 
droitin-6-sulfate proteoglycan and cytotactin that were present 
in adult astrocytes (McKeon et al., 1 99 1). These findings suggest 
that neonatal reactive astrocytes may have potential regenera- 
tive properties. 

To test the hypothesis implicating cytokines as contributors 
toward astrogliosis, we chose to utilize the neonatal stab model 
with its inherent minimal gliotic response. A single microinjec- 
tion of cytokines (rnn-IFN, rhIL-1, rhIL-2, rhIL-6, rhTNF-a, 
and rhM-CSF, all of which are described to be effective in mouse 
cells by the manufacturer) into the cerebral cortex of the neonatal 
mouse produced an astrogliotic response (Table 2), similar to 
that seen in adult stab wound models by GFAP immunoreac- 
tivity (Fig. 2) (Mathewson and Berry, 1985; Moumdjian et a!., 
1991; Yong et al., 1991a). The specificity of the cytokine effect 
was demonstrated by the inability of rh7-IFN to evoke an as- 
trogliotic response beyond that of vehicle-treated controls (Ta- 
ble 2), an observation that is in accordance with reports indi- 
cating a species-specific interaction between y-IFN and its 
receptor (Gray et al., 1989; Hemmi et al., 1989; Rubio and de 
Felipe, 1991; Plata-Salaman, 1992). The finding that a single 
administration of cytokines can induce significant astrogliosis 
in the neonatal stab model with its inherent minimal astrogliosis 
is consistent with the postulate that the lack of astrogliosis fol- 
lowing neonatal injury is related to an immature immune sys- 
tem; this immature immune system would then be reconstituted 
by cytokine administration. 

The quantification of the extent of astrogliosis evoked by rmy- 
1FN (634 ± 54 x 10 3 f*m 3 ) revealed a 3.5-fold increase over 
that of vehicle-treated controls (180 ± 27 x 10 3 nm 1 ) as deter- 
mined by GFAP-IR (Figs. 3,5). However, the analyses of GFAP 
content from tissue circumscribing the injection sites for rm7- 
IFN and vehicle-treated controls did not differ but it was higher 
than unoperated normal controls (Fig. 6). Thus, GFAP content 
did not reflect the extent of astrogliosis on the basis of GFAP- 
IR following riri7-IFN treatment. A similar type of occurrence 
has been documented in animals with experimental autoim- 
mune encephalomyelitis (EAE), where GFAP content of the 
spinal cord did not differ from controls at 13-18 d postinocu- 
lation (dpi), a period when intense GFAP-IR was observed in 
the EAE groups (Smith et al., 1983; Goldmuntz et al„ 1986); 
correlation of GFAP-IR with GFAP content was observed at 
later periods (35-65 dpi) (Aquino et al., 1988). The most likely 
interpretation for the non correspondence between GFAP-IR 
and GFAP content may be that as astrocytes swell and GFAP 
filament dissociate there is an increased availability of antigenic 
epitopes to antibodies for GFAP (Aquino et al., 1988; Eng et 
al., 1989). This phenomenon seen in EAE for the initial increase 



in GFAP-IR before eventual increase in GFAP content appears 
similar to that observed in our neonatal rm7-IFN scissors stab 
model. 

Why do all cytokines tested induce astrogliosis? While it is 
possible that all these cytokines have direct effects on astrocytes, 
an indirect phenomenon through a possible common pathway 
is also likely. This route may conceivably be by the recruitment 
of inflammatory mononuclear cells, including a final effector 
cell and its cytokine(s), to the lesion site. This possibility is 
supported by the report of Brosnan et al. (1989), who described 
the occurrence of astrogliosis and increased adherence of in- 
flammatory cells to the vasculature after intraocular injection 
of 7-IFN, TNF-a, and IL-1. In addition, Watts et al. (1989) 
have demonstrated the disruption of the blood-brain barrier 
and the recruitment of inflammatory cells to the intracerebral 
injection site of IL-2. Furthermore, Simmons and Willenbourg 
(1990) have described the occurrence of a widespread inflam- 
matory response to a single microinjection of -y-IFN or TNF-« 
in the lumbosacral cord. Finally, Sethna and Lampson (1991) 
have observed a that a single intracerebral injection of 7-IFN 
resulted in the recruitment of many types of inflammatory cells 
to the brain. Our laboratory is currently testing the direct and 
indirect role of cytokines in mediating gliosis in vivo. We are 
examining the role of 7-IFN as a final common mediator, given 
the identification of a specific receptor for mouse 7-IFN on 
neonatal mouse astrocytes (Rubio and de Felipe, 1991), and 
given the potent effects of 7-IFN on astrocytes in mixed or 
purified cultures in vitro (Yong et al., 1991a,b, 1992). 

An important question now arises: which cells are responsible 
for the production of cytokines'? Conceivably, infiltrating mono- 
nuclear phagocytes (macrophages) and other cells of the immune 
system (e.g., T-lymphocytes and NK cells) are potentially in- 
volved. Cells intrinsic to the CNS could also be potential sources 
of cytokines. In this regard, microglia, astrocytes, and even neu- 
rons have been suggested to synthesize cytokines under selective 
conditions (Giulian et al., 1987; Wesselingh et al., 1990; Logan 
et al., 1992; Tchelingerian et al., 1993). The nature of the in 
vivo cellular dements contributing to cytokine(s) production fol- 
lowing injury remains to be elucidated. 

Our investigations demonstrate that the ability of a cytokine 
to alter the proliferation of neonatal astrocytes in vitro does not 
predict its capability in enhancing GFAP-IR in vivo. While all 
cytokines tested in vivo increased GFAP-IR (Table 2), our in 
vitro studies implicate an antimitotic effect by rm7-IFN (Yong 
etal., 1 992) and IL-1, without any significant effects by the other 
cytokines (Table 3). It is also worth noting that while others 
have found IL- 1 , IL-6, and TNF-a to be mitogenic for neonatal 
rat and calf bovine astrocytes (Giulian and Lachman, 1985; 
Nieto-Sampedro and Berman, 1987; Selmaj et al„ 1990), these 
cytokines were not mitogenic for neonatal mouse astrocytes. 
This apparent discrepancy may be due to species differences, 
since we have demonstrated that while rm7-IFN was inhibitory 
for proliferation of neonatal or adult mouse astrocytes, rh7-IFN 
was a mitogen for fetal and adult human astrocytes (Yong et 
al., 1992). 

In conclusion, astrogliosis can occur in the neonatal brain if 
a sufficient stimulus (NC implant) is present. For the neonatal 
scissors stab wound model with its inherent minimal astrog- 
liosis, a single administration of cytokines induces extensive 
astrogliosis. These results implicate immunoregulatory cyto- 
kines as important contributing factors to the production of 
astrogliosis following an injury to the CNS. 
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DIFFERENTIATION STAGES OF HUMAN NATURAL KILLER 
CELLS IN LYMPHOID TISSUES FROM FETAL TO ADULT LIFE* 



By TORU ABO, CHARLES A. MILLER, G. LARRY GARTLAND, and 
CHARLES M, BALCH 

From the Cellular Immunology Unit of the Tumor Institute, Departments of Microbiology and Surgery, 
University of Alabama in Birmingham, Birmingham, Alabama 35294 

The differentiation pathway of natural killer (NK) 1 and killer (K) cells is contro- 
versial. There is some evidence suggesting they are of T cell lineage, whereas other 
data indicate that they are of monocyte/macrophage lineage (I, 2). These previous 
studies demonstrated that T cell or myeloid antigens were expressed on operationally 
defined NK and K cell populations, but no unique set of differentiation antigens were 
defined. We have recently identified an HNK-1 differentiation antigen that is 
expressed on virtually all human granular lymphocytes with NK and K cell function 
(3). These HNK-1 + cells in blood expand after birth as a function of age and sex (4). 
Two distinct phenotypes of HNK-1 + cells were identified that might represent 
different stages in NK cell differentiation (5). Thus, the majority (>60%) of blood 
HNK-1 + cells expressed a myeloid antigen (Ml) but lacked any T cell antigens (i.e., 
HNK + T3~M1 + ), contained abundant cytoplasmic granules, and exhibited a high 
level of NK activity. On the other hand, the minority (<40%) of blood HNK-1 + cells 
and almost all bone marrow HNK-1 + cells expressed the T cell antigens (e.g., T3 and 
T8) but lacked the Ml antigen (i.e., HNK + T3 + M1") 1 had few cytoplasmic granules, 
and exhibited low NK function. 

In this study, we examined possible differentiation stages of HNK-1 + cells from all 
available lymphoid compartments (blood, spleen, lymph node, thymus, bone marrow, 
and fetal liver) to systematically characterize their phenotype, morphology, and NK 
cell function. The results of HNK-1 + cells examined from fetal to adult life indicated 
that there were at least three distinct stages of NK cell differentiation (HNK + T3~MI~, 
HNK + T3 + M1~, and HNK + T3"M1 + ) and that they are selectively distributed among 
lymphoid tissues. 

Materials and Methods 

Celt Preparations. Human adult spleen, lymph node, and thymus were obtained from 
patients undergoing splenectomy for trauma, diagnostic lymph node biopsies, and partial 
thymectomy to facilitate cardiac surgery, respectively (6). Adult bone marrow was obtained 
from resected ribs in patients undergoing thoracic surgery. Single-cell suspensions were prepared 
as described previously (7). 

* Supported by grants CA-13148, CA-22197, CA-I6673, and RR-32 from the National Institutes of 
Health, and by the Medical Research Service of the Veteran's Administration. 

1 Abbreviations used in this paper; FACS, fluorescence-activated cell sorter; FITC, fluorescein isothiocyanaic; 
K, killer; NK, natural killer; RITC, tetramcthylrhodamine isothiocyanate. 
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Human fetal tissue samples were obtained through the University of Alabama at Birmingham 
Tissue Procurement Service from medically approved abortions. Single-cel! suspensions were 
prepared from the fetal liver, bone marrow, spleen, and thymus within 1-2 h after removal 
from the uterus. Erythrocytes were eliminated either by water-shock lysis or by Ficoll-Hypaque 
gradient centrifugation (3). Cord blood was obtained from neonates at full-term birth. Mono- 
nuclear cells from both cord blood and adult blood samples were separated by the Ficoll- 
Hypaque gradient centrifugation (3). All cell preparations were placed in RPMI 1640 medium 
supplemented with 10% heat-inactivated fetal calf serum plus 50 fjg/ml gentamycin. 

Immunofluorescence Assay. Cell surface antigens defined by monoclonal antibodies were enu- 
merated by either direct or indirect two-color immunofluorescence assays (5). A monoclonal 
IgM antibody, HNK-1 (Leu-7; Bectott-Dickinson & Co., Sunnyvale, CA) was used at a 
concentration of 10 fig/ml for indirect immunofluorescence while fluorescein isothiocyanale 
(FITC)- or tetramethylrhodamine isothiocyanate (RITC) -conjugated HNK-1 antibody was 
used at a concentration of 50 Hg/ml for the direct assay (5). For indirect two-color immunoflu- 
orescence, other monoclonal antibodies of IgG isotype were used in combination with the IgM 
HNK-1 antibody. A panel of OKT monoclonal antibodies, T3, T8, T4, T6, T9, T10, Ml, and 
lal (8-13), were obtained from Ortho Pharmaceutical, Raritan, NJ. A monoclonal anti-HLA- 
A,B,C common determinant antibody (PA 2.6) was a gift from Dr. A. J. McMichae! of the 
University of Oxford, Oxford, England (14). Secondary antibodies were FITC- or RITC- 
conjugated goat anti-mouse fi, y\, y2a, and y2b heavy chain antibodies, which were generously 
provided by Dr. W. E. Gainings of the University of Alabama in Birmingham. 

Fluorescencc-act{vated Cell Sorting. Subpopulations of mononuclear cells after immunofluores- 
cence staining were analyzed and separated with a fluorescence-activated cell sorter (FAGS IV; 
B-D FACS Systems, Becton-Dickinson St Co., Mountain view, CA) as described previously (5). 

NK Assay. NK cell function was examined by a 61 Cr-specific release assay using K562 target 
cells, The method and formula for calculating specific cytolysis have been described previously 
(3). The lytic units were calculated from the result of a dose-response curve of the effector cells. 
One lytic unit was defined as the number of effector cells required to achieve 30% lysis of lO 4 
target cells. 

Phagocytic Function and Peroxidase Staining. Phagocytic functional activity was tested by 
phagocytosis of heat-killed yeast particles (15). Peroxidase staining was performed according to 
the technique of Kaplow (16). 

Results 

Fetal Expression of HNK-1 and Other Differentiation Antigens in Lymphoid Tissues. The 
HNK-1 antigen was expressed on only a small fraction (<0.2%) of the nucleated cells 
recovered from the liver, bone marrow, and thymus (Table I) or from a single spleen 
(data not shown) from 13 to 17 wk-old fetuses. T cell antigens, T3, T8, T4, and T6 
were identified on <1% of fetal liver and bone marrow cells, whereas these T cell 
antigens were found on most fetal thymocytes (Table I). The majority (>50%) from 
cells from fetal liver and bone marrow expressed the myeloid antigen Ml (Table I). 
The other antigens T9, T10, HLA-DR or HLA-A,B,C were also expressed at high 
levels of nucleated cells (20-40%). 

Co-expression of these antigens on fetal HNK-1 + cells from liver and bone marrow 
was then examined with a two-color immunofluorescence assay (Table II). The 
majority (>70%) of HNK-1 + cells lacked any of the other surface antigens tested. The 
remaining HNK-1 + cells (<30%) co-expressed some mature T cell antigens T3 and 
T8, but lacked T4, T6, and T9 antigens and lacked the myeloid antigen M I . 

The fetal cells were then examined for surface and cytoplasmic expression of HNK- 
1 antigen. The HNK-1 + cells were sorted with the FACS after staining with FITC- 
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Table II 

Co-expression of Other Surface Antigens on HNK-I* Cells in Lymphoid Tissues from Fetuses, Neonates, 
mid Adults 

U»* (Munte. P^cnlHNK. I 'cdls grains- 

T3 T8 T4 T6 T9 TIP Ml HLA-DK HLA-A.E.C 



§ Ntn (lone. 
||Thy m -,cHNK.l 
antigen fT4) an. 



HNK-I antibody and then restained after fixation on slides with RITC-HNK-l 
antibody. Two types of HNK-1 + cells could be identified in feta! liver and bone 
marrow. About 80% were relatively small (10-15 ftm), whereas a minority were quite 
large (>15 Jtim) (data not shown). None of these HNK-1 + cells contained detectable 
cytoplasmic HNK-1 antigen. 

Neonatal Expression of HNK-I and Other Differentiation Antigens in Lymphoid Tissues and 
Cord Blood. The proportion of HNK-1 + cells was also very low in neonates, comprising 
<1% of cord blood and bone marrow cells (Table I). In contrast to fetal HNK-1 + cells 
that generally lacked other differentiation antigens, the majority (>80%) of HNK-t + 
cells in hlood and thymus of neonates co-expressed the pan-T cell antigen (T3) and 
suppressor T cell antigen (T8). About 18% blood HNK-1 + cells and 80% of HNK-! + 
thymocytes expressed a helper T cell antigen (T4) (Table II). In addilion, almost all 
HNK-1 + cells expressed HLA-A,B,C antigen, whereas 42% of blood HNK-1 + ex- 
pressed HLA-DR antigen. Very few neonatal HNK-1 + cells expressed the immature 
T antigen (T6), the transferrin receptor (T9), or the myeloid antigen (Ml). The 
cytoplasmic expression of the HNK-1 antigen in cord blood lymphocytes was weak. 

HNK-! Antigen Expression in Adults Among Lymphoid Tissues. The proportion of 
HNK-1 + cells was much higher in the blood and spleen of adults relative to neonates 
and fetuses (Table I). This confirms our previous observation that there is a unique 
postnatal expansion of HNK-1 + cells (4). Moreover, the distribution of HNK-1 + cells 
is selective, being highest in adult blood (14%) and spleen (10%), but comprising <1% 
of nucleated cells in the lymph node, thymus, and bone marrow (Table I). 

We have previously described two distinct phenotypes of HNK- 1 + cells in adult 
blood (5). The majority (>60%) of HNK-1 + cells were HNK + T3 _ Mr, whereas the 
minority (<40%) were HNK + T3 + M1~. These reciprocal relationships were confirmed 
in this study and appeared to be valid in other tissues as well. Thus, the majority of 
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HNK-1 + cells from adult bone marrow, lymph node, and thymus co-expressed the T3 
and T8 antigens, but very few co-expressed Ml antigen (Table II). Blood and spleen 
HNK-1 + cells, on the other hand, had the highest proportion of Ml antigen expression 
and the lowest proportion of T cell antigen expression (T3 and T8). Only HNK-1* 
cells from the adult thymus expressed a high proportion (>90%) of helper T cell 
antigen (T4) just as was observed in neonatal thymus (>80%). The immature T cell 
antigen T6 and the transferrin receptor T9 were not expressed on HNK-1 + cells from 
adult, neonatal, or fetal lymphoid tissue. HLA-DR antigen expression on adult HNK- 
1 + cells was selectively distributed, being highest on splenic HNK-1 + cells (41%) and 
lowest on HNK-1 + cells from lymph node (5%). When the cytoplasmic expression of 
HNK-1 antigen was examined, some differences were observed among lymphoid 
compartments. Adult blood HNK-1 + cells all contained a diffuse distribution of 
HNK-1 antigen throughout the cytoplasm but not in the nucleus. HNK-l + cells from 
bone marrow exhibited a weaker stain of cytoplasmic HNK-1 antigen or lacked a 
detectable amount of antigen altogether. 

Distinguishing Morphological Features of HNK-1* Cells at Different Stages of Differentia- 
tion. As a group, HNK-1 + cells from adult blood are a homogeneous population of 
medium-sized granular lymphocytes (3). We have also shown that they can be 
subdivided into two groups: (a) HNK"T3 _ M1 + with abundant cytoplasmic granules 
that are efficient cytotoxic cells and comprise the majority of blood HNK-1 + cells, 
and (b) HNK + T3 + M1~ cells with sparse granules that have a relatively low level of 





c 




*• • 


• J* 
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Fig. 1 . The morphological appearance of HNK-I* cells from adult blood, bone marrow, and fetal 
lymphoid tissues. FACS-sorted HNK-1* cells from adult blorjd (a), bone marrow (b), and fetal bone 
marrow (d, e, and f), including sorted HNK-1 ~ cells from adult blood (c), wire, stained by May- 
Grunwafd-Giemsa method (X 1,000). Three types of fetal HNK-1* cells with distinct morphology 
are represented in d, e, and f. 
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NK function and comprise a minority of blood HNK-1 + cells (5). In this study, we 
extended these observations by examining the morphology of FACS-puriFied HNK- 
1 + cells from other lymphoid compartments using the May-Griinwald-Giemsa stain 
(Fig. 1). Compared with adult blood HNK-1 + cells (Fig. 1 a), cord blood and adult 
bone marrow HNK-1 + cells had fewer cytoplasmic granules (Fig. lb). In fact, they 
are quite similar to the minor population of adult blood HNK + T3 + M1~ cells. These 
cells may represent a more immature form of the HNK-1 + cells. More than 98% of 
the HNK-1 - cells sorted by the FACS from the above sources lacked cytoplasmic 
granules (Fig. 1c). In the 13-i7-wk fetuses, three distinct morphological types of 
HNK-1 + cells could be identified: (a) a minor population (2-10%) with the same 
granular appearance as blood and bone marrow (Fig. 1 d), (b) a majority of HNK-l + 

Table lit 

Demonstration of Spontaneous Killer Activity against K562 Using FACS-purified HNK-I* Celts from 
Fetal Bone Marrow 



Cell fraction 


Target/effector 
ratio 


13wkf 


sl Cr.specific release* 
tus 16 wk fetus 


Unfractionated bone marrow 


cells* 1:200 


2.0 


3.0 




1:100 


4.4 


4.5 




1:50 


3.9 


3.5 




1:25 


2.1 


3.0 




1:12 


2.9 


3.1 


FACS-purified HNK-1* cells 


1:10 


11.1 


15.3 




1:5 


7.7 


9.8 




1:2.5 


5.0 


6.0 




1:1.2 


4.1 


4.5 




1:0.6 


2.5 


3.0. 


* In these studies, the killer activity v 


vas determined after an 18-h incub 


ation to demonstrate the maximum 



$ By FACS analysis, the nucleated bone marrow cells in 13- and 16-wk fetuses were 0.06 and 0.1% HNK- 
l + , respectively. However, these cells did not exhibit significant killer activity with a clear dose-response 
correlation. 

§ FACS-purified HNK-1* cells that were >96% pure by fluorescent microscopy showed significant NK 




Fic. 2. A comparison of the cytotoxic capabilities of FACS-purified HNK-1* cells from adull 
blood, bone marrow, neonatal cord blood, and fetal (15 and 17 wk) bone marrow. Spontaneous 
killer activity against K5623 target cells were measured in a 6-h incubation assay using FACS- 
purified HNK-1* cells. As a control, adult blood HNK-1" cells, which contained less than 0.2% 
HNK-1* by fluorescent microscopy, are shown in parallel. 
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cells (70-80%) that were small to medium size with a narrow cytoplasm and no 
granules (Fig. 1 e), and (<?) a small proportion (15%) of giant HNK-1 + cells with a 
large nucleus and a broad neutrophilic cytoplasm (Fig. 1 f). These latter cells are 
probably the same large cells noted in the fluorescence assay. All of these fetal HNK- 
1 + cells were negative for peroxidase staining and were incapable of phagocytosing 
yeast particles. 

NK Cell Functional Activity in the Fetus. The spontaneous killing activity against 
K562 target cells was determined for unfractionated nucleated bone marrow cells 
from 13- and 16-wk fetuses and for FACS-purified HNK-1 + cells from those same 
bone marrows (Table III). Although unfractionated whole bone marrow cells con- 
tained up to 0.1% HNK-1 + cells, they did not exhibit a significant killing activity 
with a dose-response correlation even at a 1:200 target/effector cell ratio. In contrast, 
purified HNK-1 + cells from both of the fetal bone marrows exhibited cytotoxic 
capability with a clear dose-response correlation. The NK activity of purified HNK- 
1 + cells was confirmed in another 13-wk fetus (data not shown) and in two cases of 
15- and 17-wk fetuses (see Fig. 2). 

Comparison ofNK Cell Cytotoxicity for Purified HNK- 1 + Cells From Different Sources. The 
NK cell functional capability was compared in FACS-purified HNK-1 + cells from 
different sources. The objective was to correlate function with surface antigen phe- 
notype. The maximal NK cell functional activity was in adult blood HNK-1 + cells, 
the majority of which were HNK + T3~Ml + (Fig. 2), HNK-T cells from cord blood 
and adult bone marrow exhibited a reduced functional capability with about one- 
third the activity of adult Wood HNK-T cells (Fig. 2). Almost all of these HNK-1 + 
cells had thephenotype HNK + T3 + M1~, Minimal functional activity was observed in 
HNK-1 + cells purified from fetal bone marrow and was <5% of that obtained with 
adult blood. The majority of these fetal HNK-I + cells had a phenotype of 
HNK + T3~M1~ 

Discussion 

These results demonstrated an excellent correlation of NK cell function with 
cellular morphology and phenotypic antigen expression, because all granular lym- 
phocytes examined in adult, neonates, and fetal lymphoid tissues expressed the HNK- 
1 antigen and because virtually all NK cell function resided in this cell population. 
The validity of these observations is strengthened by similar correlations in other 
species, as granular lymphocytes in mice and rats are known to possess NK cell 
function (17-19). In humans, spontaneous cytotoxic function has been demonstrated 
using enriched populations of granular lymphocytes (20, 21). Various combinations 
of cell surface markers have been demonstrated on these cytotoxic granular lympho- 
cytes as well as related fractions of cells (Ty and null cells) (22-26). All of these surface 
markers, however, had overlapping representation on other functional subpopulations 
of lymphoid cells, thus making it difficult to purify the entire population of granular 
lymphocytes. Only the HNK-1 differentiation antigen is expressed exclusively on 
granular lymphocytes (3). Functional characteristics of these FACS-purified cells have 
so far demonstrated that they possess both NK and K cell functions and that they 
exhibit little or no proliferative response to mitogens (phytohemagglutinin, concana- 
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valin A, and pokeweed mitogen) or to alloantigens (27). The cytotoxic efficiency of 
these HNK-1 + cells can be boosted with interferon (28). 

At least three subsets of HNK-1 + cells were defined in this study having different 
surface phenotypes: HNK + T3~M1~ HNK + T3 + M1~, and HNK + T3 _ M1 + . These 
three populations of HNK-1 + celts probably represent different stages of differentia- 
tion because they correlate well with distinct features of cellular morphology, cytotoxic 
functional capability, and distribution in adult, neonatal, and fetal lymphoid com- 
partments. A proposed model of HNK-1* cellular differentiation is shown in Fig. 3. 
Recently, a minor population of lymphocytes was demonstrated to simultaneously 
express the T3 and Ml antigens. These cells constitute 30% of the Ty cell fraction in 
blood, have low levels of NK function (26), and represent <5% of bone marrow HNK- 
1 + cells (5). These cells might represent a transitional stage of NK cells between that 
represented by the HNK + T3 + M1~ and HNK + T3~M1 + cells. 

The HNK + T3~M1~ cells represent the earliest definable stage of HNK-1* cellular 
differentiation. These cells were only identified in the 13-17 wk-old fetuses, where 
they constituted the majority (>70%) of fetal HNK-1 + cells. These early HNK-I + 
cells comprised only a small proportion of nucleated cells but they had several unique 
morphological features. About 15% of these cells were very large and lacked granules. 
The majority of cells (70-80%) were small agranular lymphocytes, whereas only a 
small minority (-10%) were granular lymphocytes. Although these studies could not 
identify the maturational stages of these cells, it is reasonable to speculate thai the 
agranular lymphocytes represent precursors of the granular lymphocytes. This possi- 
bility was supported by the finding that up to 20% of HNK-1 + cells from the bone 
marrow of children and adults were small granular lymphocytes, but these cells were 
infrequent (<5%) in all other adult lymphoid compartments (unpublished observa- 
tion). 

NK cell function has not been previously demonstrated in the human fetus using 
unfractionated lymphoid cell populations (29). Even in this study, there was virtually 
no detectable NK activity using fetal bone marrow cells. However, when the 0.1% of 
HNK-1 + bone marrow cells was purified with the cell sorter, the purified HNK-1 + 
cells exhibited a low level of NK function, thus confirming the functional correlations 
with HNK-1 + cells and NK function in adults. It is conceivable that the NK cell 
function was due to the granular HNK-I* fetal cells, but there were insufficient 
numbers of cells to further separate granular and agranular HNK-1 + fetal cells. These 
data in humans are also supported by studies in mice demonstrating the fetal liver 
and bone marrow cells contain the precursors of NK cells (30). 

The HNK + T3 + M1~ cells probably represent an immature form of NK cells. These 
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cells have sparse cytoplasmic granules and relatively low levels of NK cell function 
(5). Only a small proportion (20-30%) of fetal HNK-1 + cells express the T3 antigen, 
but the vast majority (77-80%) of neonatal HNK-1* cells are T3 + (Table II). In 
adults, this subset of cells comprised >95% of bone marrow, and -80% of HNK-1 + 
cells from the thymus and lymph nodes. Only a minority of blood HNK-1 + cells had 
this immature phenotype. 

The most mature form of HNK-1 + cells have the HNK + T3~M1 + phenotype. These 
cells have the highest level of NK cytotoxicity and the largest number of cytoplasmic 
granules (5). They were found predominately in adult blood and spleen. Their levels 
were low in neonatal blood and they were not found in any fetal tissues. The 
distribution of these cells correlated precisely with the NK cell functional activity 
among these lymphoid compartments (e.g., high in adult blood, low in bone marrow 
or cord blood). NK cell activity in humans and in other species has been previously 
described as being the highest in blood and spleen, but lowest in thymus, lymph node, 
and tonsil (31). 

These studies of granular lymphocyte differentiation provided additional evidence 
that human NK cells may have a unique lineage of differentiation, rather than a 
variant of T cell or myeloid cellular differentiation. The HNK-1 antigen was expressed 
in the fetus without any co-expression of T cell antigens on most cells; HNK-1 + cells 
lacked peroxidase activity, phagocytic activity, and did not express the DR and MI 
antigens found on myeloid cells. The NK cell functional activity found in the purified 
population of fetal HNK-1 + bone marrow cells at 13 wk gestation even precedes the 
acquisition of cytotoxic function of T cells that has been demonstrated at 18 wk 
gestational age (32). The granular HNK-1 + lymphocytes were quite low in number 
in all lymphoid compartments until childhood. They then expanded as a population 
through adulthood, a period when the thymus gland is undergoing involution. 
Although some HNK-1 + cells expressed mature T cell differentiation antigens (T3 
and T8), we did not detect an immature T cell antigen (T6) on these cells. Finally, 
the most mature subset of HNK-1" 1 " granular lymphocytes lacked T cell antigens 
altogether. 

The differentiation schema proposed for granular HNK-I + lymphocytes is entirely 
compatible with the available data. However, confirmation of this must be made by 
demonstrating that these are sequential stages or by demonstrating a switching of 
phenotypes in vitro with cultured HNK-I* cells. In this regard, we have established 
cultured cell lines of HNK-1 + granular lymphocytes, all of which have the 
HNK + T3 + Mr phenotype (unpublished data). This uniform pattern of antigen 
expression supports the proposed model of NK cell differentiation and may provide 
a valuable tool for determining if these subsets of HNK-1 + cells can be induced to 
switch their maturational stage. 

Summary 

Virtually all human granular lymphocytes expressed the HNK-1 differentiation 
antigen when examined in lymphoid compartments from adults, neonates, and 
fetuses. The HNK-1 + cells were distinguishable into three subsets having distinct 
antigenic phenotypes: HNK + T3*Ml~, HNK + T3 + M1~, and HNK + T3"M1 + . Thus, 



282 



STAGES OF NATURAL KILLER CELL DIFFERENTIATION 



>70% of the HNK-T cells from 13-17 wk fetuses (<0.2% of nucleated cells) lacked T 
cell antigens (e.g., T3, T8, T4, and T6) and the Ml myeloid antigen. Morphologically, 
the HNK + T3~M1~ cells consisted of three different types: small granular lymphocytes 
(< 10% of HNK-1 + cells), agranular small lymphocytes with a narrow rim of cytoplasm 
(70-80%), and agranular giant cells (>15 (im) with considerable neutrophilic cyto- 
plasm (15%). The purified fetal HNK-1 + cells exhibited a low level of cytotoxicity 
against K562 target cells. On the other hand, almost all of HNK-1 + cells in neonatal 
tissues as well as adult bone marrow, lymph node, and thymus, exhibited the 
HNK + T3 + Ml~phenotype, contained sparse cytoplasmic granules, and had an inter- 
mediate level of NK functional activity. Only adult blood and spleen contained a 
majority of mature HNK-1 + cells. These cells had an HNK + T3~M1 + phenotype, 
abundant cytoplasmic granules, and maximum NK function. We propose that human 
NK cells may generate from a separate cell lineage and that they alter their phenotype, • 
morphology, and functional capability during differentiation. 
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Macrophage Ontogeny: Implications for Host 
Defence, T-Iymphocyte Differentiation, 
and the Acquisition of Self-tolerance 
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Even in the era of modern antibiotics intracellular pathogens, such as 
Listeria monocytogenes and Toxoplasma gondii, continue to cause acute 
morbidity and mortality during the perinatal period, as well as permanent 
mental and physical impairment in the survivors. The immune response 
against these pathogens is complex and requires multiple interactions 
between lymphocytes and macrophages. During the perinatal period, the 
young host is not effectively protected against infection. In this chapter, we 
will review evidence that macrophages from immature animals are unable 
to participate effectively in the host defence against infectious agents, and 
identify the defect as the inability of neonatal macrophages to express 
cell-surface la-antigens and initiate antigen-specific T-helper activity. 

The concepts discussed here are primarily derived from experimental 
work using rodents because the perinatal period of these animals is 
amenable to study. This work has relevance to the human situation. Like 
other mammals, human fetuses and neonates have an increased suscepti- 
bility to infection by intracellular pathogens. Furthermore, human cord 
monocytes have the same functional defects as those first demonstrated in 
neonatal mice, albeit to a lesser degree (Tweady et al, 1982; Sztein et al, 
1983). Much of the experimental work to be discussed in this review 
employs Listeria monocytogenes as the pathogen. The defence against 
Listeria has been well studied. This bacterium is an important, although 
infrequent, pathogen, not only for human fetuses and neonates, but also in 
immunocompromised adults (such as renal allograft recipients). 

In man, the most profound state of immunological incompetence may 
occur in utero rather than after birth. The human neonate is born at a 
much more advanced state of development compared to mouse and rat (for 
review see Mosier, 1977). Indeed, certain antibody responses to some 
well-defined antigens may even be elicited in human and ovine fetuses 
(reviewed in Silverstein, 1977). However, in the final analysis the ultimate 
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test of the immune system is its ability to defend the host against infection. 
In this sense, the fetal and neonatal immune response of both men and 
mice must be judged incompetent relative to the immune response of the 
adult (Murgita and Wigzell, 1983). 

In addition to protecting the host against infection, macrophages may 
also have importance in T lymphocyte differentiation in the thymus, as well 
as regulating the induction of self-tolerance. The possible contribution of 
macrophages to both of these processes early in ontogeny will be discussed 
in later sections of this review. 
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NEONATAL MACROPHAGES ARE DEFICIENT IN THEIR ABILITY 
TO DEFEND THE HOST AGAINST INTRACELLULAR PATHOGENS 

The inability of macrophages from immature animals to participate 
effectively in host defence is well established. Neonatal mice have a high 
mortality following experimental infection with Herpes simplex (Hirsch et 
al, 1970), mouse hapatitis virus (Tardieu et al, 1980), and Listeria 
monocytogenes (Blaese, 1976). Transfer of adult macrophages protects 
neonates against these pathogens (see Table 1). Presumably the trans- 
ferred adult macrophages performed a critical function in host defence 
which was defective in the neonates' own macrophages. The transferred 
adult macrophages in these early studies may have been contaminated by 
other cell types such as T lymphocytes. However, subsequent studies, 
discussed below, using more sophisticated techniques to obtain purified 
macrophage populations have confirmed and extended these findings. 

The deficit in neonatal murine macrophage function, revealed by these 
transfer experiments, might best be understood by considering the two 

Table 1. Studies demonstrating defects in neonatal macrophage function. 

Investigator Species Cell source Assay 



Transfer experiments (adult macrophages into neonatal 
Hirsch et al (1970) Mouse Peritoneum 

Blaese (1976) Rat Peritoneum 

Argyris (1968) Mouse Peritoneum 

Defective neonatal accessory cell function 



recipients) 
Improved neonatal survival after 

Herpes simplex 
Improved neonatal survival after 

Listeria 
Improved neonatal antibody 

production in vivo 



Landahl (1976) 


Mouse 


Spleen 


In vitro antibody production 


Lu et al (1980) 


Mouse 


Spleen 


In vitro T cell proliferation 


(1979) 


Mouse 


Peritoneum 


In vitro T cell proliferation 


Nakano et al (1978) 


Mouse 


Peritoneum 


In vitro antibody production 


Nadler et al (1980) 


Mouse 


Spleen 


In vitro antibody production 


Decreased la expression by neonatal macrophages 




Lu et al (1979, 1980) 


Mouse 


Spleen 


la 






Peritoneum 




Sztein et al (1983) 


Man 


Cord blood 


la 



MACROPHAGE ONTOGENY 



255 



major roles of macrophages in resisting intracellular pathogens in the 
adult. Those macrophages normally residing in adult and neonatal tissues 
(the so-called 'resident macrophages') are capable of ingesting intracellular 
pathogens such as Listeria monocytogenes, but 'cannot , kill all the 
organisms. Some pathogens continue to divide within the macrophages, 
eventually destroying the host cell (Mackaness, 1962). An effective host 
defence against intracellular pathogens requires complex interactions 
between T lymphocytes and macrophages. These interactions ultimately 
result in macrophages acquiring the biochemical machinery necessary to 
kill intracellular pathogens efficiently (so-called 'macrophage activation'). 

Adult macrophages perform at least two distinct functions in this 
process. First, some macrophages initiate the immune response by 
'presenting antigen' to helper T lymphocytes (reviewed in Unanue, 1981; 
Unanue et al, 1984). The antigen-presenting macrophages have la (class 
II) molecules on then cell surfaces. Each la molecule consists of two 
non-covalently associated glycoproteins of 35 000 and 28 000 dalton 
molecular weights. These molecules are coded in the immune response 
region of the major histocompatibility gene complex. Ia molecules are 
important because helper T lymphocyte stimulation occurs only when the 
T lymphocytes recognize both antigen and Ia on the macrophage cell 
surface. This complex event may include additional signals between 
macrophage and T cell (e.g., membrane-bound interleukin-1 [Kurt-Jones 
et al, 1985]) and, in the case of bacterial pathogens, degradation of the 
pathogen into antigenic peptides; These issues have recently been 
reviewed in Unanue et al (1984). The stimulated T lymphocytes proliferate 
and secrete lymphokines, including gamma-interferon which activates 
macrophages, and interleukin-2 which supports further T lymphocyte 
proliferation, augmenting the immune response. (Helper T lymphocytes 
are not stimulated by antigen alone, nor by antigen and la-negative 
macrophages.) Under the influence of lymphokines secreted by stimulated 
T lymphocytes, macrophages become activated and play a second crucial 
role in the immune response. The activated macrophage is frequently the 
ultimate effector cell — ingesting and killing intracellular pathogens such as 
Listeria monocytogenes (Mackaness, 1962). Resident macrophages, not 
activated by lymphokines, do not kill intracellular pathogens efficiently. In 
the case of Listeria monocytogenes, antibodies are not protective (Macka- 
ness, 1962). • , 

In addition to la-bearing macrophages, other cell types have, under 
certain circumstances, been shown to bear cell-surface Ia and present 
antigen to T lymphocytes. These cells include dendritic ceils (Steinman and 
Nussenzweig, 1980), B lymphocytes (for example Shimonkevitz et al, 
1983), thyroid cells (Pujol-Borrell et al, 1983), and endothelial cells (for 
example Pober et al, 1983). These cells do not have the extensive 
enzymatic machinery needed to digest pathogens such as Listeria into 
antigenic peptides, and it is difficult to understand how, by themselves, 
they could effectively initiate T cell responses against these pathogens (see 
editorial, Unanue et al, 1984). This review will concentrate on the 
ontogeny of macrophage antigen-presenting function. Other studies have 
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indicated that murine splenic dendritic cells (Steinman et al, 1974) and 
la-bearing B lymphocytes (Kearney et al, 1977) also appear late in 
ontogeny. 

The ability of transferred adult macrophages to protect neonates from 
infection demonstrates important defects in neonatal macrophage function 
either in antigen presentation and/or in acquiring the biochemical 
machinery needed to kill intracellular pathogens. The data to be presented 
below show that deficits in antigen presentation and not activation are 
responsible. 

Neonatal macrophages are deficient in their ability to present antigen and 
express cell-surface la 

Figure 1 shows that macrophages from suckling mice are unable to present 
antigen to T lymphocytes during the first two to three weeks after birth (Lu 
et al, 1979). In this experimental system, peritoneal macrophages were 
isolated from adult or suckling mice by their adherence to plastic tissue 
culture wells. The macrophages were allowed to ingest heat-killed Listeria 
and then tested for their ability to present Listeria to Listeria-immune, adult 
T lymphocytes. Successful antigen-presentation was performed by adult, 
but not neonatal, macrophages, and resulted in T lymphocyte proliferation 
as measured by the incorporation of tritiated thymidine. Control experi- 
ments established that, despite the marked differences in antigen- 
presenting ability, macrophages from adults and neonates had an equal 
ability to ingest and catabolize the heat-killed Listeria antigen (Lu and 
Unanue, 1982). Furthermore, neonatal peritoneal macrophages did not 
inhibit the ability of adult macrophages to present antigen. 



I 
it 




4 6 9 12 15 18 21 



AGE (days) 

Figure 1. Ontogeny of la-positive, antigen-presenting peritoneal macrophages. The abscissa is 
the age of mouse donating its peritonea) macrophages for study. The left ordinate (stippled 
bars) gives the ability of macrophages to present heat-killed Listeria to adult immune T cells 
and induce T cell proliferation. The right ordinate ('X*) gives the percentage of peritoneal 
macrophages with cell surface la as determined by anti-la- and complement-mediated 
cytotoxicity. See Lu et al (1979) for details. 
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The presence of cell-surface la-antigens is a prerequisite for the antigen 
presentation by macrophages, and, as expected (Figure 1), the inability of 
neonatal macrophages to present antigen was correlated with their inability 
to express cell-surface la (see Lu et al, 1979, for details). Neonatal splenic 
macrophages (Lu et al, 1980) and accessory cells (Nadler et al, 1980) also 
have a deficit in antigen-presenting ability. Similarly, human cord 
monocytes have decreased amounts of the analogue of murine la 
antigens — HLA-DR. Adult blood monocytes are 75-95% HLA-DR- 
positive, whereas only 10-25% of cord monocytes are HLA-DR (Tweady 
et al, 1982; Sztein et al, 1983), 

This deficit in macrophage antigen-presenting function and cell-surface 
la-antigen expression must contribute to the increased susceptibility of 
neonates and fetuses to infection. Without la-bearing macrophages, 
neonatal helper T lymphocytes cannot become activated. T Iymphokines, 
including gamma-interferon, will not be secreted, and macrophages will 
not be activated to acquire the biochemical machinery needed to kill 
intracellular pathogens effectively. 

Neonatal macrophages are capable of activation as assayed by 
tumoricidal function 

Figure 2 demonstrates that, given the proper circumstances, neonatal 
macrophages can be activated. Tumoricidal activity was chosen as a 
marker of macrophage activation because it is usually correlated with the 
ability to kill intracellular pathogens (see North, 1981), although some 
exceptions do occur. Tumoricidal activity is easily assayed using P-815 
mastocytoma cells whose intracellular proteins have been labelled with 
51 Cr. When these tumour cells are damaged by activated macrophages, the 
51 Cr is released into the medium where it can be measured. Like the ability 
to kill intracellular pathogens, tumoricidal activity is not present in resident 
macrophages, but is acquired after stimulation by gamma-interferon 
secretion by activated T lymphocytes (Nathan et al, 1983; Celada et al, 
1984). 

After being cultured with adult immune T lymphocytes and antigen, 
adult macrophages are activated to kill 51 Cr-labelled P-815 mastocytoma 
cells while macrophages from ten-day-old suckling mice are not activated 
(see Figure 2, details in Lu and Unanue, 1982). The adult macrophages 
perform two functions in this experimental system. They present the 
Listeria antigen to immune T cells. These T cells then secrete gamma- 
interferon which activates macrophages to acquire tumoricidal activity. 
Although macrophages from suckling mice did not acquire tumoricidal 
activity in this system where both antigen-presenting function as well as 
tumoricidal function were required, the neonatal macrophages did kill 
tumour targets after direct stimulation by gamma-interferon. Thus, the 
failure of macrophages from ten-day-old mice to become activated when 
cultured with adult T cells and antigen was due to their inability to present 
antigen to and stimulate T lymphocytes, not to an inability to respond to 
gamma-interferon by acquiring tumoricidal function. 
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Figure 2. Neonatal macrophages are activated after direct stimulation by gamma-interferon. 
However, activation does not occur in situations where the neonatal macrophages are 
required to present antigen to mature T lymphocytes. See Lu and Unamie (1982) for details. 



These experiments define in greater detail earlier observations, first 
made by Argyris (1968), that neonatal macrophages are unable to 
participate effectively in an immune response (see Table 1). The defect in 
neonatal macrophage function is localized to their inability to express la 
and present antigen to T lymphocytes. 



THE REGULATION OF MACROPHAGE ONTOGENY 

The delayed ontogenesis of la-bearing peritoneal macrophages contributes 
to a 'window of vulnerability' during perinatal life when there is an 
increased risk from infection. In addition, as we discuss later, the delayed 
appearance of these cells may have an important role in the acquisition of 
self- tolerance. The regulation of the ontogeny of la-bearing macrophages 
may be critical. An inappropriately late appearance of Ta-bearing 
macrophages would further increase the neonate's susceptibility to 
infection. An inappropriately early appearance might abrogate an impor- 
tant mechanism of self-tolerance, perhaps risking the induction of 
autoimmune disease. For these reasons, we have investigated the 
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regulation of macrophage ontogeny, and several important aspects have 
been elucidated. 

First, mature T lymphocyte activity is not required for the ontogenesis of 
basal levels of la-bearing macrophages. Gamma-interferon, a T lympho- 
cyte product, is known to stimulate macrophage la-expression (Steeg et al, 
1982a; Seller, 1984). It was therefore important to determine if la-bearing 
macrophages would develop in mice which are known to be deficient in 
mature T lymphocyte function. Two such groups of mice are those which 
have been neonatally thymectomized, and nude mice. The latter are inbred 
mouse strains genetically predestined not to have thymuses. Studies 
employing these T deficient mice (Lu et al, 1981) indicated that there are at 
least two levels of regulation of la-bearing macrophages in the spleen and 
peritoneum, (a) The development of a basal number of la-bearing, 
antigen-presenting macrophages in adult mice, not stimulated by infection, 
is an event independent of mature T lymphocyte activity inasmuch as 
normal numbers of these cells develop in genetically dysthymic (nu/nu) and 
neonatally thymectomized mice, (b) The recruitment of large numbers of 
la-bearing macrophages — over and above the basal number— to a site of 
infection is an event dependent on mature T cell activity as it does not 
occur in athymic mice. Intraperitoneal injections of gamma-interferon, 
which bypass the need for T cell activity, will recruit la-bearing 
macrophages. Thus, the failure of athymic mice to recruit la-bearing 
macrophages to the site of infection may be attributed to defects in 
secretion of gamma-interferon by T cells, and not to an inability of 
macrophage precursors to respond to gamma-interferon. These results are 
important in our understanding of the ontogeny of la-bearing, antigen- 
presenting macrophages because they indicate that the ontogenesis of 
basal levels of la-bearing macrophages is independent of mature T 
lymphocyte activity. 

Second, signals which recruit la-bearing macrophages into the peritoneal 
cavity of adult mice are not effective in suckling mice (Snyder et al, 1982a). 
Thus, intraperitoneal injection of live Listeria monocytogenes or multiple 
doses of gamma-interferon recruits large numbers of la-bearing mac- 
rophages into the peritoneal cavities of adult mice. Neither stimulus 
recruits la-bearing peritoneal macrophages in suckling mice. 

Third, neonatal macrophages are intrinsically capable of expressing 
cell-surface la (Lu, 1985). Thus, resident peritoneal macrophages isolated 
from two-day-old mice respond to in vitro stimulation with gamma- 
interferon-containing media by increasing their la-expression in the same 
manner as macrophages from adult mice. Therefore, the deficit in 
la-bearing, antigen-presenting macrophages in intact neonatal mice, even 
after injections of gamma-interferon, must be attributed to suppressive 
influences in the neonatal environment. 

Fourth, one suppressive influence is prostaglandin E 2 secreted by 
macrophage precursors found in neonatal spleens. Thus, a single injection 
of neonatal splenocytes will prevent subsequent injections of gainma- 
interferon from recruiting la-bearing peritoneal macrophages in adult 
recipients (see Figure 3). Media conditioned by neonatal, but not adult, 
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Figure 3. Neonatal mice contain a suppressor cell for la induction. Adult mice were 
transplanted with immune T cells and antigen induce la-positive exudates: compare column 1 
versus 2; each block contains results of la-positive in percentages (light shade) or absolute 
numbers (dark shade). In columns 3 and 4, neonatal or adult spleen cells (from normal mice) 
were cotransplanted. Note the inhibition induced by the neonatal cells. See Snyder et al, 
1982b, for details. 
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splenoeytes has inhibitory activity. The responsible neonatal splenbcyte is 
a non-adherent macrophage precursor which is initially radiation-sensitive, 
and acquires the following characteristic properties of a mature la-negative 
macrophage after four days in culture: adherence, resistance to gamma- 
irradiation, and phagocytic function. The inhibitory molecules secreted by 
these neonatal cells share properties with prostaglandin E2. They are 
low-molecular weight and their production is prevented by the prostaglan- 
din synthetase inhibitor, indomethacin. Indeed, prostaglandin E 2 has been 
shown to inhibit macrophage la-expression in vitro with a half maximal 
inhibitory dose of approximately 10~ 9 molar (Snyder et al, 1982b; Steeg et 
al, 1982b, 1982). (See Figure 4.) 

Fifth, another inhibitory influence which regulates macrophage la- 
expression and antigen -presenting function is alpha-fetoprotein (Lu et al, 
1984) (see Figure 5). Murine alpha-fetoprotein (AFP) is a 74000-daIton 
glycoprotein similar in amino acid composition to albumin and present at 
milligram per millilitre concentrations in amnionic fluid and perinatal sera. 
It is second only to albumin as a major constituent of fetal and neonatal 
murine serum. After birth, the serum concentration decreases by five 
orders of magnitude to insignificant levels by the second week of postnatal 
life (Kahan and Levine, 1971; Olson et al, 1977; Crandall, 1981). 
Alpha-fetoprotein is also present at high concentrations in human fetal 
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CONCENTRATION (Molar) 
Figure 4. Prostaglandins inhibit macrophage la expression in culture. Macrophages were 
cultured with gamma-interferon-containing media in the presence of PGE^ PGE^ or 
dibutyryl cyclic AMP. See Snyder et al, 1982a, for details. 




Added Protein (jjg/m(J 

Figure 5. Three preparations of alpha-fetoprotein (from mouse amnionic Quid, a mouse 
hepatoma , and perinatal sera) , as well as AFP-containing fluids, inhibit lymphokine-induced 
la-expression in vitro. For details see Lu et al, 1984. 
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serum and amnionic fluid, but, unlike in mice, the concentrations of 
alpha-fetoprotein begin to fall at the end of the first trimester of gestation 
instead of after birth. 

AFP has been postulated to contribute to the immunological 
hyporesponsiveness of the fetus and neonate, as well as protecting the fetus 
from rejection by the mother (see reviews by Murgita and Wigzell, 1981; 
Tomasi, 1983). Injections of AFP inhibit a number of immunological 
responses in vivo including the murine anti-sheep-red-cell antibody 
response (Ogra et al, 1974), the induction of autoimmune neurological 
disease in normal mice after injections of self nerve tissue in adjuvant 
(Abramsky and Brenner, 1983), and autoimmunity in NZB/W mice which 
ordinarily develop a genetically predetermined autoimmune disease 
(Gershwin et al, 1979). In addition, AFP has been shown to inhibit a 
number of immune responses in vitro (see reviews Murgita and Wigzell, 
1981; Tomasi, 1983). 

Recent experiments (Lu et al, 1984) show that AFP acts in vitro to 
inhibit macrophage expression of cell surface la-antigens (see Figure 5). 
Stimulation of macrophages , by gamma-interferon in vitro results in la 
expression. Five preparations of AFP, isolated from three sources (day-old 
neonates, amnionic fluid, and a hepatoma cell line) all inhibited 
la-expression in a dose-dependent manner. An AFP concentration of 10~ 
molar inhibited the expression of la by approximately 50% . This is well 
above the concentrations found in fetal and neonatal sera as well as mouse 
amnionic fluid. The AFP-mediated inhibition of macrophage la-expression 
reported here may have contributed to the decreased antigen presentation 
first reported by Suzuki and Tomasi (1980). Unpublished experiments in 
the authors' laboratory also indicate that mouse amnionic fluid inhibits the 
ability of macrophages to be activated by gamma-interferon. 

A number of control experiments support the conclusion that AFP 
inhibits macrophage la-expression. Mouse amnionic fluid and AFP did not 
affect the viability of the macrophages, nor was the surface expression of 
class I (H-2K) antigens and complement (C3) receptors affected. Killing 
any T lymphocytes contaminating the adherent macrophage population 
with anti-Thy-1.2 and complement did not abolish the inhibitory effects of 
mouse amnionic fluid. This was an important control because some studies 
indicate that AFP may have a direct stimulatory effect on suppressor T 
lymphocytes (see review by Murgita and Wigzell, 1981). It is well 
established that macrophages both release and are profoundly affected by 
eicosanoids (such as prostaglandin E 2 and the leukotrienes) . Therefore, 
the prostaglandin synthetase inhibitor indomethacin was employed to 
demonstrate that prostaglandin E 2 production was not required for the 
inhibitory action of AFP on macrophage la expression. The concentrations 
of prostaglandins carried by AFP were also assayed and found to be 
insignificant. Murine AFP has been shown to bind non-covalently to 
arachidonic acid and 17f3-oestradiol (Keller et al, 1976; Savu et al, 1981). 
The latter has been suggested as the actual inhibitor mediating the immuno- 
suppressive effects of AFP. These two compounds had no inhibitory effect 
on la-expression when added in a wide range of concentrations. 
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The inhibitory influence of AFP on macrophage la expression, and 
hence on the initiation pf antigen-specific T cell responses, may be 
important in several situations. First, the high perinatal levels of AFP may 
contribute to the observed deficit of la-bearing, antigen-presenting 
macrophages in neonatal spleen and peritoneum. Second, AFP may help 
protect the fetus from rejection by its mother. 

There is considerable variation in the immunoinhibitory potency of 
various preparations of AFP in the literature. AFP derived from mouse 
amnionic fluid (reviewed by Murgita and Wigzell, 1981; Tomasi, 1983) is 
almost always inhibitory, while AFP isolated from rodent and human 
hepatomas has variable potency (Yachnin, 1983). To at least some extent, 
this may reflect the chemical heterogeneity of AFP. Mouse AFP exists in at 
least five subspecies, depending on the number of attached sialic acid 
residues (Zimmerman et al, 1977). Only the most highly sialylated form is 
immunosuppressive. AFP may also be separated into a number of 
subspecies defined by isoelectric focusing (Yachnin, 1983). The isoelectric 
focusing point predicts which preparations of AFP will have immunoinhibi- 
tory activity. Overall, the issue of which subspecies of AFP are 
immunoregulatory remains controversial. It might be argued that the 
important point is that some forms of AFP do have profound im- 
munoinhibitory activity, and that this might have important implications, 
as discussed below, on the regulation of the ontogenesis of the immune 
response. 



WHY DELAY THE ONTOGENESIS OF IA-BEARING ^ 
MACROPHAGES IN THE SPLEEN AND PERITONEAL CAVITY? 

It seems contrary to the law of natural selection that la-bearing 
macrophages and hence cellular immunity should develop so late after 
birth, placing the neonate and thus the survival of the species at jeopardy 
from intracellular pathogens. Yet, several mechanisms, discussed in the 
previous section, seem to have evolved to ensure that the ontogenesis of 
la-bearing macrophages is delayed. It is possible to speculate that the 
prime responsibility of the immune system early in ontogeny is self- 
tolerance and not self-defence. To this end, immunocytes isolated from 
perinatal animals may have unique functional capacities. Thus, for 
example, neonatal B lymphocytes have only IgM cell surface receptors and 
are extremely susceptible to tolerance induction (for review see Nossal, 
1983). The delayed appearance of la-bearing macrophages may also have 
evolved to offer the fetus and neonate an important mechanism of 
self -tolerance during a period in development when new antigens are still 
appearing on differentiating tissues. 

Although the induction of tolerance to foreign antigens in fetuses and in 
neonates was described some time ago (Owen, 1945; Biliingham and 
Medawar, 1953; reviewed by Smith, 1961), and is generally believed to 
reflect the ongoing process of self-tolerance during the perinatal period, 
the precise mechanisms remain unresolved and are likely to be complex. 
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As the acquisition of self-tolerance is of great importance for survival, it is 
likely that multiple redundant mechanisms have evolved to ensure that it 
occurs. One mechanism may require a deficit in neonatal macrophage 
function. Interactions between neonatal T lymphocytes and antigen 
without the mediation of la-bearing macrophages may result in antigen- 
specific T cell tolerance. 

This hypothesis is supported by four lines of circumstantial evidence. 

1. T cell tolerance may be important in preventing autoimmunity in some 
of the available models of tolerance to native proteins such as the fifth 
component of complement; hepatic Fl antigen, and thyroglobulin 
(reviewed by Weigle, 1980; Harris et al, 1982; Nossal, 1983). 
Furthermore, neonatal T cell tolerance has been induced by injections 
of foreign proteins soon after birth (for example: Etlinger and Chiller, 
1979). 

2. Blaese and Lawrence (1977) injected haemocyanin into day-old rats 
and induced T cell tolerance; however, simultaneous injections of 
adult, presumably la-bearing, macrophages abrogated tolerance induc- 
tion. This might be interpreted to mean that interaction of antigen with 
the neonatal immune response results in tolerance, and that presenta- 
tion of the same antigen with adult la-bearing macrophages abrogates 
tolerance induction. 

3. Etlinger and Chiller (1979) induced T cell tolerance to aggregated 
human gamma globulin (an obligate immunogen in adults) by a single 
intraperitoneal injection in mice less than three weeks old. During this 
same time period, our studies (Lu et al, 1980) demonstrated reduced 
numbers of la-bearing peritoneal macrophages. 

4. The absence of la-bearing macrophages during neonatal life may 
favour the expansion of T suppressor cells and thus promote self- 
tolerance. In vitro systems (Feldmann and Kontiainen, 1976; Ishizaka 
and Adachi, 1976; Pierres and Germain, 1978) demonstrate that direct 
interaction between T cells and antigen in the absence of la-bearing 
macrophages results in the stimulation of some types of antigen-specific 
suppressor T cells. These observations support the idea that, in the 
neonate, suppressor T cell clones bind to free antigen (for example: 
Taniguichi and Miller, 1977) and are expanded, in contrast to helper T 
cells which only recognize antigen in the context of self-la (reviewed in 
Unanue, 1981) and are unable to expand optimally in the absence of 
la-bearing macrophages. 

Our observations that AFP inhibits macrophage la-expression and 
antigen-presenting ability are compatible with this hypothesis. AFP may 
represent a class of proteins secreted by developing tissues — in this case 
the fetal liver — that, by inhibiting the expression of class II molecules, 
signals the immune system to accept the appearance of new antigens on 
differentiating organs as 'self. When differentiation is complete, the levels 
of these fetoproteins fall, and the immune system is released into an active 
mode in which any new antigen is now assumed to be 'non-self. 
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MACROPHAGE ONTOGENY 

THE ONTOGENY OF I A -BEARING MACROPHAGES IN THE 
THYMUS 

Mature helper T lymphocytes are stimulated only by antigen in the context 
of 'self -la on the surface of an accessory cell such as a macrophage. In 
other words, mature T lymphocytes have a dual specificity for foreign 
antigen and for 'self -la. A large body of experimental evidence suggests 
that 'self -la is, to a large degree, defined during interactions between 
differentiating immature T lymphocytes and la-bearing non-lymphoid cells 
in the thymus. Stimulated by this hypothesis, a number of investigators 
sought to demonstrate the postulated la-bearing non-lymphoid cell. 
Dendritic cells (Rouse et al, 1979) were the first cells of this class to be 
described in the adult thymus. Subsequently, a number of other non- 
lymphoid cells have been described, including la-bearing macrophages, 
thymic nurse cells, and epithelial cells (Beller and Unanue, 1980; Wekerle 
and Ketelsen, 1980; Kyewski et al, 1982). However, the precise function of 
each non-lymphoid cell type remains obscure. 

We have focused our attention on the ontogeny of la-bearing mac- 
rophages in the thymus. The presence of macrophages in both the cortical 
and medullary regions of young adult thymuses was demonstrated a 
number of years ago (Clark, 1963, and Raviola and Karnovsky, 1972). A 
majority of these macrophages (Beller and Unanue, 1980) bear la and are 
capable of presenting antigen to mature T lymphocytes. 

There is a striking difference between the ontogeny of la-bearing 
macrophages from the thymus, on the one hand, and the spleen and 
peritoneal cavity, on the other (Lu et al, 1980). Significant numbers of 
la-bearing, antigen-presenting thymic macrophages were found within 
three days of birth. By the sixth day, antigen-presenting function and 
numbers of la-bearing cells had fully developed. This is in marked contrast 
to the spleen and peritoneal cavity where the ontogenesis of la-bearing 
macrophages is delayed until after the second postnatal week. Thymic 
dendritic cells (Jenkinson et al, 1980; Kyewski et al, 1982) also appear 
early in ontogeny. 

The different ontogenesis Of la-bearing macrophages in the thymus 
versus the spleen and peritoneal cavity may reflect the different function of 
these cells at these two sites. In the former site, the la-bearing 
macrophages may contribute to the maturation of T lymphocyte precursors 
so that their later interactions with accessory cells will be restricted to 
'self -la. Indeed, thymic macrophages have been shown to influence 
various stages of thymocyte maturation (for example, Beller and Unanue, 
1978; Wu and Thomas, 1983). These thymic la-bearing macrophages 
would be expected to appear early in ontogeny while the T lymphocyte 
population is being expanded. In this regard, the unique ability of neonatal 
thymocytes, unlike thymocytes from mature mice, to proliferate in 
response to isogeneic cells should be noted (Howe et al, 1970). On the 
other hand, la-bearing splenic and peritoneal macrophages may function 
to present antigen to mature T helper lymphocytes. The contribution of the 
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late ontogenesis of these cells to the increased susceptibility of neonates to 
infection as well as the induction of self-tolerance has been discussed in 
previous sections of this review. 

The early appearance of la-bearing thymic macrophages confirms our 
idea that the neonatal murine macrophage is intrinsically capable of 
expressing cell-surface la (Lu, 1985), given the proper environmental 
stimuli. According to this formulation, macrophage precursors originate in 
the bone marrow and seed the thymus, spleen, peritoneal cavity and other 
sites. Their subsequent differentiation into la-positive or -negative 
macrophages depends on local environmental stimuli. In the neonatal 
spleen and peritoneal cavity, the negative signals of alpha-fetoprotein and 
high PGE 2 concentrations predominate. In the thymus, powerful positive 
signals may predominate. 



SUMMARY 

It has become increasingly more apparent that la-bearing accessory cells 
are important in regulating the function of mature T lymphocytes as well as 
the maturation of immature T lymphocytes in the thymus. The experi- 
ments reviewed here have focused on the ontogeny of la-bearing 
macrophages in the peritoneal cavity, spleen, and thymus. In the former 
two sites, la-bearing macrophages appear late in ontogeny. This makes the 
neonate and fetus vulnerable to infection, but may also offer the immune 
system a critical mechanism for inducing self -tolerance. The delayed 
ontogenesis of la-bearing macrophages at these two sites is regulated by 
high concentrations of PGE 2 as well as alpha-fetoprotein. On the other 
hand, la-bearing thymic macrophages are present early in ontogeny and 
may contribute to the expansion and maturation of appropriate T 
lymphocyte clones early in development. 
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Age-Related Changes in Human Lymphocyte Subsets: 
Progressive Reduction of the CD4 CD45R 
(Suppressor Inducer) Population 

P. De Paoli, S. Battistin, and G. F. Santini 

Department of Microbiology and Immunology, General Hospital, 33170 Pordenone, Italy 

The purpose of this study was to investigate, by double-labeling immunofluorescence, 
lymphocyte subsets in the peripheral blood of healthy children, adults, and aged indi- 
viduals. The absolute number of T and B lymphocytes decreases with age. The decline 
in T cells was attributed to a decrease in CD4 lymphocytes. We also found that the 
composition of the CD4 subset changes with age: in children the CD45R molecule is 
expressed on the majority of CD4 cells, whereas in aged subjects the absolute number of 
these lymphocytes is greatly reduced. The reciprocal CD4 CD29 population is not mod- 
ified during the life span. Aging is also associated with the appearance of CDS Leu 7 
lymphocytes. Putative contrasuppressor cells, identified by Vicia villosa binding, repre- 
sent a very small population in peripheral blood and are not subject to age-dependent 

variations. O 1988 Academic Press, ]nc. 

INTRODUCTION 

Irnmunocompetence in humans changes with age. In fact, cells of the neonatal 
immune system not only are inexperienced but also are immature: human cord 
blood contains a subset of T cells with low affinity for sheep red blood cells (1, 2) 
and a population of CD8 + CD3~ lymphocytes (3), while Leu 7 + cells are numer- 
ically deficient (4). During infancy also the functional capacities of the immune 
system, such as the ability to respond to viral illness, are especially poor (2). Both 
cellular and humoral immune responses decline with age, although the results 
obtained in various laboratories are not conclusive (5-$). Usually aged people 
have slightly reduced CD3 and CD4 lymphocytes and increased Fc receptor bear- 
ing cells (9-1 1). The response to mitogens is considered to be reduced, while no 
differences in natural killer activity are observed among elderly individuals (12, 
13). Until now, age-related phenotypic studies of lymphocyte subsets utilized 
single immunofluorescence. The availability of new monoclonal antibodies and 
fluorochromes (14, 15) allowed us to better define lymphocyte subsets in different 
age groups. Our data show that the composition of CD4 and CD8 lymphocytes is 
subject to age-dependent modifications. 

PATIENTS AND METHODS 

Peripheral venous blood drawn into heparinized tubes was obtained from 55 
normal subjects. These included 15 children (ages 3 to 10 years), 20 adults (ages 
20 to 35 years), and 25 aged individuals (ages 60 to 75 years). To assess the 
frequency of CD4 CD45R cells as a function of age, we also tested a group of 60 
subjects ranging in age from 3 to 80 years. 
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The blood was mixed with Plasmagel for 30 min at 37°C; then the leukocyte-rich 
buffy coat was collected and incubated with the various monoclonal antibody 
combinations. Monoclonal antibodies reacting against human leukocytes have 
been recently clustered (16). In this report CD3, CD4, CD8, CDU , CD20, CDw29, 
and CD45R are of particular interest and are described in Table 1. 

FITC-labeled anti-CD3, anti-CD4, anti-CD8 (Ortho D.S., Milan), and anti- 
CD20 (Bl Coulter, Milan) were used in single fluorescence assays. For dual 
immunofluorescence studies, unstained cells were used to measure background 
fluorescence. Then single stain measurements (FITC and phycoerythrin, PE) 
were used to set the electronic subtraction of the signals to obtain true FITC and 
PE signals in the respective detectors. Logarithmic amplification was used be- 
cause it results in data easier to analyze than those obtained by linear amplication 
(23). To assess double-labeled lymphocytes, the following monoclonal antibody 
combinations were used: FITC-labeled anti-CD3 and PE-labeled anti-HLA DR 
(Becton Dickinson, Milan) and FITC anti-CD4 and anti-CDw29 PE (4B4, Coulter) 
or anti-CD45R (2H4, Coulter); the anti-CD8 FITC antibody was used in combi- 
nation with anti-CD 11 (Leu 15, Becton Dickinson) and anti-CD45R PE (2H4, 
Coulter), while anti-CD8 PE (Leu 2a, Becton Dickinson) was mixed with Leu 7 
FITC (Becton Dickinson) or FITC Vicia villosa (Sigma). Finally we used anti- 
CD20 FITC (Bl, Coulter) and the Leu 8 PE (Becton Dickinson) combination. 
After washings with PBS, immunofluorescence was measured on a FACS 440 
cytofluorograph. Single- and double-labeled lymphocytes were calculated by the 
use of a Consort 40 computer connected to the flow cytometer. 

Total lymphocyte counts were obtained by an automatic hematology counter 
(Coulter). 

The absolute numbers of the various lymphocyte subsets in each group were 



TABLE l 

Description of a Selected Panel of Monoclonal Antibodies 



Cluster 










ofdiff. 


MAb 


Reactivity 


Comments 


Ref. 


CD3 


OKT3 


T cells 






CD4 


OKT4 


Helper/inducer T cells 






CDS 


OKT8 


Suppressor/cytotoxic 
T cells 






CDll 


Leu 15 


T cells, LGL, 
monocytes, granulocytes 


CD8 CDll lymphocytes 
have suppressor activity 


(17, 18) 


CD20 


Bl 


B cells 






CDw29 


4B4 


T cells, B cells (low) 
monocytes, granulocytes 


CD4CDw29 cells are 
helper inducers 


(14, 19) 


CD45R 


2H4 


T cells, B cells, 
monocytes (low), 
granulocytes 


CD4 CD45R are 
suppressor/inducers 


(15, 20) 




Leu 7 


LGL, T cells 


Not associated with 
specific function 






Leu 8 


T cells, B cells 


Resting B cells are 


(21,22) 
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compared to the values obtained in the other two groups. Statistical analysis was 
performed by using the Student t test. 

RESULTS 

Table 2 shows the percentages and absolute numbers of total (CD3 + ) and 
activated (CD3 + HLA DR + ) T cells. Resting B lymphocytes react with Leu 8, but 
this antigen is lost shortly after activation (21); Table 2 indicates total (CD20 + ) 
and activated (CD20 + Leu 8~) B cells. In aged individuals the reduction in total 
lymphocyte numbers affects both T and B cells. 

Next the reactivity of CDw29 and CD45R with CD4 lymphocytes was examined 
(Table 3). The fluorescence profile of CD4 CD45R cells showed two peaks: both 
low- and high-intensity fluorescent lymphocytes were considered double labeled 
(15); the fluorescence profile of CD4 CDw29 cells was unimodal (14). The CD4 
CD45R lymphocytes are greatly reduced in aged subjects (P < 0.001 compared to 
children, P < 0.01 compared to adults), while the reciprocal CD4 CDw29 cells are 
slightly increased (P < 0.05 compared to children). Analysis of the composition of 
the CD4 subset in the three study groups (Fig. 1) demonstrates that in children 
62% of the cells bear the CD45R antigen, with only 3% unlabeled (CD45R" 
CDw29~); in aged subjects the CD45R antigen is represented in only 23% of CD4 
lymphocytes, and a consistent proportion (13%) of the cells do not stain with 
either CD45R or CDw29. CD4 + CD45R + cells were also counted in 60 subjects 
who ranged in age from 3 to 80 years (Fig. 2). We found a highly significant inverse 
correlation between age and CD45R expression on CD4 lymphocytes (r = -0.79, 
P < 0.0001). 

The CD8 subset was also studied by using various monoclonal antibody com- 
binations (Table 4), and a significant increase in CD8 Leu 7 + cells was observed 
in aged subjects {P < 0.01 compared to children). CD8 CD11 + cells are not 
modified during the life span. 

We used FITC-labeled V. villosa lectin to investigate a subset of CD8 cells 
acting as contrasuppressors and antigen-presenting cells (24, 25).Only a small 



TABLE 2 

Percentages and Absolute Numbers (within Parentheses, Cells/mm 3 ) of T and B 
Lymphocytes in the Study Groups 







CD3 




CD20 


Total 




CD3 


HLA DR 


CD20 


Leu 8" 


lymphocytes 


Children 


68.8 ± 6 


2.4 ± 1 


7.7 ± 2 


0.8 ± 0.3 


2760 ± 410 


(3-10 years) 


(1898 ± 300) 


(64 ± 39) 


(210 + 68) 


(20 ± 8) 




Adults 


66.6 ± 6 


2.7 ± I 


7.2 ±2 


0.6 ± 0.6 


2200 ± 340 




(1460 ± 380) 


{55 ± 30) 


(160 ± 64)° 


(16 ± 16) 




Aged 


63.8 ± 8 


3.8 ± 2 


5.8 ± 2 


2.2 ± 1.4 


1932 ± 345* 


(60-75 years) 


(1233 ± 500)*' 


(80 ± 52)*T 


(113 ± 65)*t* 


(36 ± 21)*t 





* P < 0.05. 

** P < 0.01 (aged vs children), 
t P < 0.05 (aged vs adults). 
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TABLE 3 

Percentages and Absolute Numbers (within Parentheses, Cells/mm 3 ) of CD4 Subsets in 
the Study Groups 







CD4 


cm 




CD4 


CD45R 


CDw29 


Children (3-10 years) 


39.7 ± 8 


24.2 * 1 


13.1 ± 5 




(1096 ± 382) 


(679 ± 300) 


(392 ± 144) 


Adults (20-35 years) 


41.9 ±6 


19.5 ± 5 


20.2 ± 6 




(870 ± 215) 


(410 ± 180) 


(436 ± 160) 


Aged {60-75 years) 


40.8 ± 9 


8.9 ± 4 


24.1 ± 9 




(770 + 330)* 


(178 ± 99)***t 


(510 ± 240)* 



* P < 0.05. 

*** p < 0.001 (aged vs children). 
$ P < 0.01 (aged vs adults). 



proportion of lymphocytes are stained by this combination and no relationship to 
age was present. 

The reactivity of CD8 cells with CD45R is slightly, although not significantly, 
increased with age. 

DISCUSSION 

In this study we have demonstrated, through the use of monoclonal antibody 
combinations, that some lymphocyte subsets change with age. Our data strongly 
suggest that, when individuals are investigated for their immunocompetence, the 
results obtained must be compared to age-matched normal controls. Since sex- 
related differences have been also reported (11, 26), it will be necessary to com- 
pare lymphocyte subset values in males with those in females. 

Aged individuals have reduced lymphocyte numbers compared to the other 
study groups; a reduction of CD4 cells is mainly responsible for T-cell reduction 
(10); thus, the CD4/CD8 ratio, which in children is 1.63 ± 0.3, becomes 1.33 ± 0.5 
in the aged. The CD4 CD45R lymphocytes are the cells which undergo a progres- 
sive numerical reduction during life, while the reciprocal CD4 CDw29 subset 
increases slightly. Furthermore, a population of CD4 cells lacking both CD45R 




CHILDREN ADULTS AGED 

Fig. 1. Representative composition of the CD4 subset in children, adults, and aged subjects. 
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Fig. 2. Age-related decrease in CD4 CD45R cells in the peripheral blood of 60 healthy donors. 



and CDw29 appears in elderly individuals; in a detailed study with other mono- 
clonal antibodies it is necessary to characterize these lymphocytes better. Recent 
studies have indicated that CD4 CD45R lymphocytes function as inducers of 
suppressor T cells (15), that they do not respond to soluble antigens (19), and that 
the CD45R molecule itself has a role in the generation of suppressor function (27). 
From our data it can be argued that the decrease in CD4 cells in aged subjects, due 
to the selective loss of CD4 CD45R lymphocytes, could be important in the 
increased incidence of autoimmune phenomena (because of defective suppressor 
induction) in senescence (12, 28), 

In contrast, Damle et al. (19) suggested that the expression by CD4 of the 
CD45R molecule represents the state of their maturation and does not appear to 
reflect differences in regulatory functions, CD4 CD45R represent a pool of 
"virgin" T cells which have yet to encounter their respective antigens (19). It has 
been shown that, upon in vitro activation, CD4 CD45R lymphocytes lose the 
CD45R molecule and express the CDw29 antigen (29), If this is the case, CD4 
CD45R lymphocytes could progressively decrease during life because of the con- 
tinuous encounter of the immune system with antigens. On the other hand, the 
antigenic stimulus and the subsequent activation could contribute to increase the 
pools of CD4 CDw29 + lymphocytes with aging. 



TABLE 4 

Percentages and Absolute Numbers of CD8 Subsets (within Parentheses, Cells/mm j ) in 
the Peripheral Blood of the Study Groups 











CD8 


CD8 




CD 8 


CD8CD11 


CD8 Leu 7 


V. villosa 


CD45R 


Children 


24 ±9 


2.8 ± I 


2.7 ± 1 


1.7 ± 1 


17.3 ± 6 


(3-10 years) 


(674 ± 256) 


(73 ± 36) 


(77 ± 56) 


(49 ± 29) 


(488 ± 239) 


Adults 


24.6 ± 5 


5.2 ± 2 


5.2 ± 3 


2,4 ± 1 


17.1 ± 5 


(20-35 years) 


(542 ± 200) 


(126 ± 86) 


(124 ± 120) 


(39 ± 29) 


(395 ± 190) 


Aged 


27.3 ± 9 


4.2 ± 2 


10.6 ± 9 


1,6 ± 1 


20.8 ± 10 


(60-75 years) 


(575 ± 360) 


(85 ± 61) 


(248 ± 210)* 


(31 ± 33) 


(500 + 380) 



* P < 0.05 (aged vs children). 
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The CD45R molecule shows a slight increase with age when measured in CD8 
lymphocytes. The function of this molecule on suppressor/cytotoxic lymphocytes 
is still unknown. CD8 Leu 7 + cells, usually absent in children, also increase 
progressively during the life span (30, 31); these cells are also found under con- 
ditions of chronic antigenic stimulation, such as viral infections (32) and chronic 
graft versus host disease (33). It will therefore be necessary to understand the 
reasons for their increase with age. 

Lehner et al. (24, 25) suggested that V. vUlosa adherent CD8 cells act as con- 
trasuppressors and antigen-presenting cells. No data in the literature are available 
on the behavior of this particular subset in humans. We found that only a small 
proportion of peripheral blood CD8 lymphocytes bind to V. villosa lectin and that 
this proportion is not modified with aging. 

In conclusion, double-labeling immunofluorescence allowed us to better inves- 
tigate lymphocyte subsets in healthy individuals from different age groups. Our 
findings could be important not only in the definition of reference values when 
studying the immune status of patients, but also in the understanding of physio- 
logical functions of lymphocyte subsets bearing different surface molecules. 
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EXHIBIT 10 



Developmental and maturational changes in 
human blood lymphocyte subpopulations 

Irene Hannet, Feza Erkeller-Yuksel, 
Peter Lydyard, Veronique Deneys and 
Marc DeBruyere 

Recent application of flow cytometric immunophenotyp- was used to define immature B cells and CDw78 to define 
ing to childhood disease states has highlighted the need activated, mature B cells. Finally, anti-CD23 antibody 
for reliable lymphocyte data ranges in normal infants was used to detect activated B cells expressing the low- 
and children. In the management of pediatric human affinity immunoglobulin E (IgE) receptor, 
immunodeficiency virus (HIV) disease and in the diag- To allow direct comparisons of the relative pro- 
nosis of DiGeorgc syndrome, T-cell enumeration plays a portions of the major lymphocyte lineages between age 
vital role and extrapolation from adult normal range groups, lymphocyte subsets are expressed in proportion 
data has been misleading. Here, the findings of a multi- to the larger lymphocyte lineage to which they belong, 
center study of 1 10 normal pediatric subjects divided into There is some dissociation between percentages of total 
cohorts of newborns, infants (ages 2 days to 11 months) lymphocytes and absolute counts. In this study, values 
and children (I to 6 years and 7 to 17 years) are pre- given are the median plus interquartile ranges, 
sented. These age divisions were chosen to reflect matu- 
rational events in the immune system, such as antigenic Major leukocyte and lymphocyte populations 
challenges and vaccination. Pediatric results were com- Absolute white blood cell and lymphocyte counts are 



pared to those of 101 normal adults evaluated at the same highest at birth and decline with age 3 . Proportions of 

centers using the same methods. lymphocyte subsets vary but the percentage of CD4+ and 
CD8+ T cells progressively increases over lime*. 

Quantification and characterization of lymphocyte 

subsets T-cell differentiation and activation 

Cord blood was obtained from newborns who had CD45RA was expressed on 91% of CD4 + cord blood 
undergone full-term, normal deliveries with no evidence T-cells and declined thereafter. This is in agreement with 
of infection or congenital abnormality. Blood samples previous studies*""* and is consistent with the hypothesis 
from normal children were obtained when they visited that CD45RA+ cells are gradually replaced by 
hospital for elective surgery or minor trauma. Children CD45RO+ cells, presumably as a result of repeated 
were excluded if they had any evidence of infection or antigen exposure 7 " 11 . Adult CD4 + CD45RA + T cells in- 
immunological disorders, or were taking medication, duce the suppressor activity of CD8+ T cells 4 - 1 *. When 
The same exclusion criteria were applied to the adult activated with phyiohemagglutinin or cultured in inter- 
cohort, leukin 2 (IL-2), cord blood CD4+CD45RA+ T cells 
Two-color flow cytometric immmunophenoryping acquire the ability to stimulate B-cell Ig production, 
was performed using matched combinations of mouse a process heralded by their conversion to a 
monoclonal antibodies (mAbs) directly conjugated to CD4 + CD45RA~ phenotype 13 - 14 and the expression of 
fluorochromes. A lysed whole blood technique 1 and CD25 (IL-2 receptor a, chain) 11 ' 15 , 
paraformaldehyde fixation was used. Rigorous quality L-selectin is expressed on both B and T cells and is a 
control criteria were applied to exclude non-specific marker for virgin or unstimulated celts. Mitogen-induced 
staining or contaminating cells, and to ensure that all loss of expression of this marker in B cells is associated 
relevant populations were included 1 - 2 . with activation and proliferation 16 . In T cells, loss of 
T cells were defined by the expression of the CD3 L-selectin is also a sign of activation, but the exact 
molecule, and B cells bv either CD19 or CD20. Natural function of the L-selectin- T cells is still to be defined 17 , 
killer (NK) cells were defined by the presence of CD16 The percentage of CD4+ L-selectin + T cells is similar to 
and/or CD56 without coexpression of CD3. Human that for the CD4+CD45RA+ subset in neonates 14 . A 
T-cell subsets were identified by CD4 and CD8. T cells large proportion of CD4+ cord blood T cells express 
were further subdivided by CD25 or HLA-DR ex- both CD45RA+ and L-selectin but the decline over time 
pression, markers of T-cell activation. CD57 defined is much greater for CD45RA + . 

non-MHC-restricted cytotoxic lymphocytes (CTL). HLA-DR is a lineage marker on B cells and an acti- 

CD4+ CD45RA" f cells were designated memory T vation marker on T cells. B cells have a narrow range of 

cells, and CD4 + CD45RA+ cells as naive T cells. The HLA-DR molecule densities and T cells a much wider 

mAb Leu-8 was used to define the adhesion molecule range of values. The proportions of CD3 + cord blood T 

L-selectin (formerly known as LECAM-1 and MEL-14) cells that express the CD25 and HLA-DR antigens are 

which is expressed on both T and B cells. CDS expression 2% and 8%, respectively, and these increase over time. 
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NK-cell differentiation and ; 

NK cells are present in high numbers at birth, when 
they constitute about 20% of circulating lymphocytes. 
After an initial decline during the first year of life, the 
percentage of NK ceils slowly increases to adult levels. 

The total CD57+ fraction of lymphocytes includes 
CD3 + (non-MHC-restricted CTL) and CD3~ (true NK) 
ceils. CD8 is also expressed on both T ceils and NK cells. 
Interestingly, CDJ7 is not expressed on cord blood lym- 
phocytes of either the CD3 or CDS subset, but the 
CD57 + fraction of CD8 + cells gradually expands with 
time, to reach a median level of 29% in adults. Ex- 
pression of CD57 on CD 8 + cells is markedly increased in 
certain viral infections 18 and may be permanently up- 
regulated after cytomegalovirus infection 19 . 

NK cells in cord blood are less active than those in 
adults 20 ; this may reflect their immaturity or the absence 
of cytokines necessary for full NK i 



B-cell differentiation and activation 

CD19 and CD20 are overlapping markers of the B-ceU 
lineage in peripheral blood from the neonatal period 
onwards. CD5, expressed on 72% of cord blood B cells 
and L-selectin, expressed on 57% of the same cells, 
identify overlapping but nonidentical populations. The 
majority of B cells in fetal lymph nodes, spleen and liver 
also express CD5 antigen 2 1_21 , and can produce a variety 
of autoantibodies 14 - 25 as well as low-affinity, polyreac- 
tive antibodies 2 *. 

The inverse relationship between CDS and L-selectin 
expression over time suggests that the decline in CD5 and 
the rise in L-selectin expression are important matu- 
rationa] characteristics of circulating peripheral human B 
cells. 

CD23 is a presumed activation antigen and an IgE 
receptor 27 . The number of B cells that express CD23 
nearly doubles between infancy and adulthood, CDw78, 
also thought to be an activation marker on B cells 28 is 
expressed by about 50% of cord blood B cells. It stabil- 
izes at approximately 30% after an initial decline during 
the first year of life. Expression of CDw78 coupled with 



the loss of IgD characterizes the most mature B cells (in 
terms of spontaneous Ig secretion) 2 *. CDw78 antigen 
expression on neonatal B cells may mark an endogen- 
ousty activated B-cell population. 

Conclusions 

Two-color flow cytometry allows simultaneous, multi- 
parametric evaluation of markers related to cell function. 
As this technology is being applied to pediatric disease 
states, a better definition of data ranges in normal infants 
and children is needed. Only normal infants and children 
were included in this study. 

Development and maturation occurs in the major lym- 
phocyte populations and their subsets from birth to 
adulthood. There are discernible age-related declines in 
the absolute numbers of circulating white blood cells and 
lymphocytes, and differences in T-, B- and NK-cell 
subsets. However, when expressed as a percentage of 
total lymphocytes, the major cell lineages show distinc- 
tive changes: percentages of T cells, both CD4+ and 
CD8 + , increase with age, while B-cell percentages show 
no consistent pattern of change. Activation markers, 
such as CD25 and HLA-DR, increase in the T-cell com- 
partment over time. Expressions of CD45RA and L-sel- 
ectin on T cells, and CD 5 on B cells, decline with age. 
These antigens may mark functionally immature popu- 
lations of these cells. The NK- and T-cell-associated 
antigen CD57 is barely detectable at birth but is ex- 
pressed on one third of all circulating CD8 + cells by 
adulthood. These significant developmental changes, as 
well as others reported here, must be considered when 
interpreting data from studies of pediatric disease states. 
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Systems, Postbus 13, Denderstraat 24, 9320 Erembodegen, 
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Lydyard are at the Dept of Immunology, University College 
and Middlesex School of Medicine, London, UK W1P9PC; 
Marc DeBruyere and Veronique Deneys are at the Dept of 
immunobaematology, Universite Catbolique de Louvain, 
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Immune responses to transgene-encoded 
proteins limit the stability of gene expression after 
injection of replication-defective adenovirus vectors 



Sandeep K. Tripathy j , Hugh B. Black', Eugene Goldwasser 2 & Jeffrey M. Leiden 1 " 

'Department of Medicine, S481 Smith Maryland Avenue, 'Departments of Biochemistry and Molecular Biology, and 
'Department nf Pathology, University of Chicago, Chicago, Illinois 60637, USA 
Correspondence should be addressed to fM.L. 



The use of replication-defective adenoviruses {RDAd) for human gene therapy has been 
limited by host immune responses that result in transient recombinant gene expression In 
vivo. It remained unclear whether these immune responses were directed predominantly 
against viral proteins or, alternatively, against foreign transgene-encoded proteins. In this 
report, we have compared the stability of recombinant gene expression in adult 
immunocompetent mice following intramuscular (i.m.) Injection with Identical RDAd 
encoding self (murine) or foreign (human) erythropoietin. Our results demonstrate that 
immune responses directed against foreign transgene-encoded proteins are the major 
determinants of the stability of gene expression following i.m. injection of RDAd. More- 
over, we demonstrate long-term recombinant gene expression in immunocompetent 
animals following a single i.m. injection of RDAd encoding a self protein. These findings 
are important for the design of future preclinical and clinical gene therapy trials. 



Replication-defective adenovirus (JtDAd) vectors are, in many 
ways, uniquely suited for human gene therapy'' 1 . They can be 
prepared at high titer and used to program high-level recombi- 
nant gene expression in a large number of proliferating and 
nonproliferating cell types in vivo. Following infection, the aden- 
ovirus genome persists as a linear episome, thereby obviating the 
risk of insertional mutagenesis. Finally, compared to other viral 
vectors, RDAd display a relatively favorable safety profile. 
Despite their promise, the use of adenovirus vectors for human 
gene therapy has been severely limited by the finding that infec- 
tion of adult immunocompetent hosts with RDAd produces only 
transient recombinant gene expression in vivo. Moreover, it has 
thus far been impossible to successfully readminister virus of the 
same serotype following an initial infection". 

It is now clear that cellular and humoral immune responses 
are responsible for both the transient recombinant gene expres- 
sion observed in RDAd-infected hosts and for the inability to 
readminister virus following an initial infection with RDAd (ref. 
4-12). This was first suggested by reports of long-term recombi- 
nant gene expression after a single administration of RDAd to 
immunodeficient mice with severe combined immunodefi- 
ciency (SOD) or nude mice 2 - 1 "'"-". More recently, several groups 
have demonstrated that infection of immunocompetent hosts 
with RDAd elicits a CDS* cytotoxic T cell (CTL) response that 
eliminates virus-infected cells within 28 days of infection. In ad- 
dition, RDAd infection results in the generation of neutralizing 
antibodies, which preclude readministration of the viral vec- 
tor 2 -' 0-1 -. These previous studies each utilized viruses that 
expressed foreign (non-self) recombinant proteins. Thus, it re- 
mained unclear whether immune responses directed against 
viral proteins, or alternatively, against the foreign transgene- 
encoded proteins, were predominantly responsible for the loss of 



recombinant gene expression observed in these experiments. 
The resolution of this question has fundamental implications for 
the design of preclinical and clinical gene therapy trials utilizing 
first generation RDAd. 

In the studies described in this report, we have addressed this 
question directly by comparing the time course of recombinant 
gene expression in adult immunocompetent mice following a 
single intramuscular (i.m.) injection with identical F.1/F.3- 
deleted RDAd encoding human and murine erythropoietin 
(hEpo and mF.po, respectively), recombinant proteins that are 
79% identical at tire amino acid level". We reasoned that if im- 
mune responses directed against viral proteins were responsible 
for the elimination of virus-infected cells, infection with either 
virus would result in only transient recombinant gene expres- 
sion in vivo. Alternatively, if Immune responses against the 
foreign transgene-encoded proteins were the critical determi- 
nants of the longevity of recombinant gene expression, 
infection with AdhEpo, encoding a foreign protein, would result 
in transient erythropoietin expression. In contrast, infection 
with AdmEpo, which encodes a self-protein, would produce 
long-term erythropoietin expression. We chose erythropoietin 
as the transgene in these experiments because our previous 
studies had demonstrated long-term production of physiologi- 
cally significant levels of erythropoietin in the systemic 
circulation of immunodeficient SC1D mice following a single 
i.m. injection of AdhEpo (ref. 13). Our results demonstrate that 
(1) cellular and humoral immune responses directed against the 
foreign transgene product and not the adenovirus itself are the 
major determinants of the stability of recombinant gene expres- 
sion following i.m. injection of RDAd encoding erythropoietin 
and (2) that it is possible to produce long-term recombinant 
gene expression in adult immunocompetent animals following 
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Fig. 1 Hematocrits and 
serum erythropoietin (Epo) 
levels following i.m. injec- 
tion of adult CD1 mice with 
AdmEpo and AdhEpo. a, 
Adult CD! mice were in- 
jected once i.m. in the hind 
limb with 1-3x10' PFU of 
AdmEpo (■} (n = 8 for days 
0-84 and n- 4 for day 120), 
AdhEpo (♦) (n = 3), or a 
control virus (AdBglll) (O) 
(f? - 4). Hematocrits were 
measured by centrifugation 
of blood collected from tail 
veins at the times indicated. 
The results are presented as 
means ± s.e.m. b, Serum 
erythropoietin levels were 
measured by radioimmuno- 
assay 50 84 days following 
i.m. injection of adult CD1 
mice with AdmEpo (n = 4). 
Control sera (r? = 4) were 
obtained from uninjected 
mice. The results are pre- 
sented as means ± s.e.m. In 
some cases error bars are 
too small to be shown. 
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a single i.m. injection of RDAd encoding a self protein. 

Stable mEpo expression after i.m. injection of AdmEpo 
Adult immunocompetent CD1 mice were injected once i.m. 
with 1-3 x 10* PFU (plaque-forming units) of AdhEpo or 
AdmEpo. Control mice were injected with equivalent amounts 
of the AdBglll virus, which does not encode a recombinant pro- 
tein. There were no significant changes in the hematocrits of the 
control mice over the 112-day time course of the experiment 
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(Fig. la). Animals injected with the AdhEpo vector displayed 
transient elevations in hematocrits, which peaked at day 14, fol- 
lowed by a profound anemia, which persisted for the time course 
of the experiment (Fig. la). In marked contrast, animals injected 
with the AdmEpo vector displayed elevated hematocrits of ap- 
proximately 80% that were stable for at least 112 days and that 
were significantly different from both preinjection (P< 10"'") and 
control values (P < 3 X lO -6 ). To ensure that the stable elevations 
in hematocrits observed in the AdmEpo-injected animals re- 
flected persistent mEpo expression, we measured serum 
erythropoietin levels in these animals 84 days after injection. As 
shown in Fig. lb, the AdmEpo-injected animals displayed levels 
of serum mEpo that were increased almost tenfold as compared 
with uninjected control animals (P< 0.03). 

Because immune responses to viral infections are geneti- 
cally influenced" 16 , it was important to demonstrate 
long-term recombinant gene expression in different strains of 
immunocompetent mice following AdmEpo infection. 
Intramuscular-injection of BALFS/c, C3H, CS7B1/6, GDI and 
DBA mice with 3 x 10" PFU of AdmEpo resulted in equivalent 
and significant elevations in hematocrits that were stable for 
at least 112 days (P < S x lO" 1 ) (Figs, la and 2a), Of note, the 
elevations in hematocrits seen in the AdmEpo-injected im- 
munocompetent mice were not significantly different fTom 
those resulting from injection of immunodeficient SC1D mice 
with the same vector (Fig. 2a). Injection of different strains of 
immunocompetent mice with AdhEpo demonstrated strain- 
dependent differences in the anemic response. Some strains, 
such as CD1 and BALB/c demonstrated a long-tasting and pro- 
found anemia following AdhEpo injection (Fig. la), whereas 
others, like CS7B1/6 demonstrated only mild, transient and 
variable levels of anemia (data not shown). These findings are 
consistent with a previous report that demonstrated de- 
creased immune responses to RDAd-encoded adenoviral 
products in CS7B1/6 mice" 1 . In these studies the genetic locus 
responsible for these decreased immune responses in C57BI/6 
was not precisely identified, but the phenotype was clearly 
shown not to correlate with H-2 haplotype. 

Cytotoxic T lymphocytes with CDS receptors (CD8' CTLs) 
play an important role in eliminating adenovtrus-infected cells 
in vivo'"" 11 . Mice homozygous for a targeted mutation of the %■ 



Fig. 2 Hematocrits following i.m. injection 
of different inbred mice with AdmEpo. 
a, BALB/c (▼) (n = 3), C3H (•) (n = 4, days 
0-56 and n = 2, days 84 and 120), CS7BI/6 (■) 
(n = 4), DBA (A) (n = 4), or SCID (+} (n = 4) 
mice were injected once i.m. in the hind limb 
with 3X10' PFU of AdmEpo. Hematocrits were 
measured by centrifugation of blood collected 
from tail veins at the times indicated. Control 
values (O) represent the average hematocrits of 
four CD1 mice that had been injected with 2 x 
1 0' PFU of the control virus (AdBglll). b, Mice 
lacking (^-microglobulin (fl 2 m'' _ , n = 5) were in- 
jected once i.m, in the hind limb with 1 0' PFU 
of AdhEpo. C57BI/6 (control, n = 3) mice were 
injected with 1 0' PFU AdBglll. Hematocrits were 
measured as described in a. The results are pre- 
sented as means ± s.e.m. In some cases error 
bars are too small to be shown. 
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microglobulin (p 2 m) gene (S3 2 m - '-) lack expression of class 1 
major histocompatibility complex (MHC) molecules and fail to 
develop CD8* CTLs (ref. 17). Therefore, to determine directly 
the role of CD8* T cells in the transient erythropoietin expres- 
sion observed following i.m. injection of AdhEpo, we injected 
Pjirr'- mice once i.m. with 10" PFU of AdhEpo. In contrast to 
the transient elevations of hematocrits observed in immuno- 
competent mice, the p l rrr'- mice displayed stable elevations in 
hematocrits following AdhEpo injection (Pig. 2b). Thus, CDS' 
CTLs are necessary for the elimination of hEpo expression fol- 
lowing i.m, injection of AdhEpo. It should be noted that 
because the p^rrr'* mice were derived from the C57B1/6 back- 
ground, which does not produce a severe anemia in response to 
AdhEpo injection (see above), these experiments do not allow 
us to determine the role of CDS* cells in the autoimmune ane- 
mia observed following injection of CD1 or EALB/c mice with 
AdhEpo. 
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Fig. 3 Localization of adenovirus DNA following i.m. injection of 
adult CD1 mice with AdmEpo, AdhEpo or AdBglll. a, Distribution of 
AdhEpo DNA in CD1 mice following i.m. injection of AdhEpo. Adult 
CD1 mice were injected once i.m. with 10' PFU of AdhEpo. Eighty- 
four days following injection, mice were killed and DNA samples from 
different organs of two mice (M1 and M2) were assayed for AdhEpo 
DNA using the PCR. In control experiments, purified AdhEpo plasmid 
DNA corresponding to 0.1, 0.001 and 0.00001 copy per cell (epe) 
were added to uninfected cell DNA and amplified in parallel. The size 
of the expected AdhEpo PCR product was 326 bp. To control for 
DNA content and the efficiency of the PCR reactions, each DNA sam- 
ple was also amplified with primers specific for the murine cardiac 
troponin C gene (cTnC), AdhEpo PCR products were detected by 
Southern blotting (top panels), whereas the 830-bp cTnC PCR prod- 
ucts were detected by agarose gel electrophoresis and ethidium bro- 
mide staining, b, Distribution of AdmEpo DNA in CD1 mice 
84 days following i.m. injection of 10' PFU of AdmEpo. The size of the 
expected AdmEpo PCR product was 591 bp. c, Distribution of 
AdBglll DNA in a CD1 mouse 84 days following i,m. injection of 
10' PFU of AdBglll. The size of the expected AdBglll PCR product was 
689 bp. The band of higher electrophoretic mobility represents an al- 
ternative PCR priming event within the AdBglll genome. Uninj. mus- 
cle, muscle from the uninjected hind limb; Inj. muscle, muscle from 
the site of adenoviral injection; W£>, a negative control PCR reaction 
lacking organ DNA. 



Retention of the AdmEpo genome following i.m. injection 
Previous studies have demonstrated that a CDS* CTL response 
results in the elimination of RD Ad-infected cells and concomitant 
loss of the viral genome within four weeks after infection of im- 
munocompetent hosts''' 0 "'-. Therefore, we compared the retention 
of the viral genome in AdhEpo- and AdmEpo-injected mice using 
a PCR-based assay that can detect 1 copy of the viral genome per 
10* cells (Fig. 3). Mice injected with AdhEpo did not display de- 
tectable AdhEpo DNA in any of the organs assayed 84 days after 
injection (Fig. 3a). In contrast, AdmEpo DNA was detected in 
skeletal muscle at the site of i.m. injection after 84 days in each of 
the AdmEpo-injected animals (Fig. IV). In addition, one of three 
animals contained low levels of AdmEpo DNA in the lung, liver 
and spleen (Fig. 3b). Retention of the viral genome at the site of 
i.m. injection was also observed 84 days following i.m. injection 
of adult immunocompetent mice with AdBglll, which does not 
encode a recombinant protein (Fig. 3c). Taken together, these ex- 
periments demonstrated that elimination of the viral genome 
following i.m. injection of RDAd reflects an immune response di- 
rected against the foreign transgene-encoded protein (hEpo) 
rather than viral proteins. Moreover, they strongly suggested that 
most, if not all, of the mEpo in these animals was derived from 
skeletal muscle at the site of injection. This hypothesis was fur- 
ther supported by experiments in which we injected SCID mice 
with 10' PFU of AdhEpo and measured erythropoietin levels in 
organ lysates 90 days after injection. Erythropoietin production 
was detected only in skeletal muscle at the site of injection (S.K.T. 
andJ.M.L., data not shown). 

Injection (i.m.) with AdhEpo breaks tolerance to mEpo 

The studies described above demonstrated that the transient re- 
combinant gene expression observed in the AdhEpo-injected 
animals reflected at least in part the elimination of the AdhEpo- 
infected cells by CDS* T lymphocytes. However, simple loss of 
the viral genome could not explain the profound anemia ob- 
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Fig. 4 Generation of anti-erythropoietin and 
anti-adenovirus antibodies following i.m. injec- 
tion of adult CD1 mice with AdmEpo or 
AdhEpo. Adult CD! mice were injected once 
i.m. with 3 x 10 s PFU of AdmEpo or 10' F*FU of 
AdhEpo. a, Eighty-four days after injection, se- 
rial dilutions of sera from adult CD1 mice in- 
jected with AdmEpo or AdhEpo were assayed 
for anti-adenovirus antibodies by EL1SA (n = 3 
for both the AdmEpo- and AdhEpo-injected 
sera). Anti-adenovirus antibodies were also mea- 
sured by ELISA in two uninjected control mice 
(control). The data are shown as means ± s.e.m. 
b, Eighty-four days after injection, sera from 
these mice were assayed for anti-erythropoietin 
antibodies by immunoprectpitation of purified 
recombinant mEpo (n = 3 for the AdmEpo- and 
n = 6 for the AdhEpo-injected animais). The data 
are presented as the percentages of mEpo immunoprecipitated following normalization for the amount of mEpo immunoprecipitated by con- 
trol sera from uninjected mice (n = 4), which uniformly immunoprecipitated less than 2% of the purified mEpo. In positive control experi- 
ments, an identical solution of purified mEpo was immunoprecipitated with a commercially available rabbit anti-erythropoietin antibody (R&D 
Systems) (a-Epo Ab). 
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served in the CD1 animals following a single injection of 
AdhEpo. This anemia might have resulted from humoral re- 
sponses directed against both hEpo and mEpo. Alternatively, it 
might have reflected the immune-mediated destruction of the 
endogenous mEpo-producing cells in the kidneys of the 
AdhEpo-injected mice. Two sets of experiments were performed 
to distinguish these possibilities. First, we directly measured the 
levels of antibodies to adenovirus, mEpo, and hEpo in serum 
from the AdmEpo- and AdhEpo-injected mice 84 days after in- 
jection. Serum from both AdmEpo- and AdhEpo-injected mice 
contained equivalent titers of anti-adenovirus antibodies (Fig. 
4a). As expected, the sera from the polycythemic AdmEpo in- 
jected animals did not contain anti-erythropoietin antibodies. In 
contrast, the sera from the anemic AdhEpo-injected mice con- 
tained antibodies reactive against both hEpo (S.K.T. and J.M.L., 
data not shown) and mEpo (Fig. 4b). 

In a second set of experiments, we measured mEpo production 
in kidney lysates from the anemic AdhEpo-injected animals. If 
the anemia in these animals reflected an autoimmune destruc- 
tion of erythropoietin-producing renal cells, we would have 
expected to observe decreased mEpo in kidney lysates from these 
animals, Alternatively, if the anemia resulted from circuiating 
anti-mEpo antibodies, we would have expected to observe in- 
creased renal mEpo production as part of a physiological 
feedback loop in response to the persistent autoimmune anemia. 



Fig. 5 Erythropoietin levels in 
kidney lysates following i.m. in- 
jection of adult CD1 mice with 
AdhEpo. Erythropoietin levels in 
kidney lysates were measured 
by radioimmunoassay 84 days 
following i.m. injection of adult 
CD1 mice with AdhEpo (n = 3). 
Control kidney lysates (n = 3) 
were obtained from uninjected 
mice. The results are presented 
as means ± s.e.m. 




As shown in Fig. 5, kidney lysates from the anemic AdhEpo- 
injected mice contained levels of mEpo that were approximately 
90-fold elevated as compared to uninjected control mouse kid- 
ney. Taken together, these experiments demonstrated that 
infection of adult immunocompetent mice with AdhEpo broke 
tolerance and resulted in the production of anti-mEpo antibod- 
ies, which, in turn, caused a severe anemia in these animals that 
could not be reversed even by a profound compensatory increase 
in endogenous renal mEpo production. 

Discussion 

In the studies described in this report, we have examined the im- 
mune responses that influence the stability of recombinant gene 
expression following i.m. injection of first-generation RDAd. Our 
results demonstrate that both cellular and humoral immune re- 
sponses directed against the foieign transgene-encoded protein 
(hEpo) and not the adenovirus itself (or adenoviral proteins) are 
the major determinants of the longevity of recombinant gene ex- 
pression observed in this experimental model system. It is 
important to emphasize that our findings may reflect, in part, 
the specific experimental protocol utilized in our studies includ- 
ing the routes (i.m.) and doses of virus administration, the 
particular self transgene used (for example, the fact that erythro- 
poietin is both secreted into the systemic circulation and 
glycosylated), the fact that we administered only a single dose of 
virus, and the host species studied. Our finding of long-term in- 
tramuscular retention of both the empty adenovirus genome 
(AdBgHI) and the AdmEpo genome directly demonstrates that 
our results are not unique to the erythropoietin transgene and 
that direct immunosuppressive effects of mEpo itself were not re- 
sponsible for the stable recombinant gene expression seen In the 
AdmEpo-injected animals. Nevertheless, it will be important to 
compare the stability of recombinant gene expression following 
i.m, injection of RDAd encoding other self proteins. Similarly, 
our preliminary experiments have demonstrated stable eleva- 
tions in hematocrits following a single intravenous injection of 
AdmEpo in immunocompetent mice (data not shown), thereby 
suggesting that our findings may be applicable to other routes of 
virus administration. However, it will be important to carefully 

NATURE MEDICINE, VOLUME 2, NUMBER 5, MAY 1996 



© 1996 Nature Publishing Group http://www.nature.com/naturemedicine 

ARTICLES 



assess the stability of recombinant gene expression in multiple 
species following infection with RDAd encoding self proteins by 
multiple routes of administration. Despite these caveats, our re- 
sults have several potentially important implications for the 
design of preclinical and clinical gene therapy experiments. 

Implications for the design of preclinical gene therapy trials. 
Our finding of potent cellular and humoral immune responses 
directed against foreign transgene-encoded proteins suggests 
that the use of RDAd encoding foreign marker proteins or 
human proteins in preclinical (animal) trials of adenovirus- 
mediated gene therapy may result in immune responses that will 
produce artifactually transient gene expression. Thus, it is essen- 
tial to utilize RDAd encoding self proteins in such preclinical 
experiments. 

Immune responses may limit human gene therapy. The find- 
ing that i.m. injection of RDAd results in immune responses 
against non-self transgene-encoded proteins, which in some 
cases can break tolerance, has both important safety and thera- 
peutic implications. The ability of RDAd to break tolerance likely 
reflects the fact that the virus serves as a potent adjuvant in gen- 
erating immune responses against foreign antigens (in this case, 
hEpo), which then lead to autoimmune responses against the 
homologous self protein (mEpo). This property is reminiscent of 
previous reports in which virus infection has been shown to 
break tolerance to peripheral transgene-encoded antigens'* '' 1 and 
to experiments in which injection of a foreign protein in adju- 
vant has been shown to break tolerance to the homologous self 
protein 2 """ 2 . The mechanism underlying the loss of tolerance in 
these experiments remains unclear. It has been proposed that au- 
toreactive B cells directed against the self protein are able to 
process the foreign antigen and present foreign peptides to T 
cells, which, in turn, provide help to these same autoreactive B 
cells, resulting in the production of anti-self antibodies. 
Alternatively, it is possible that infection with an adenovirus en- 
coding a foreign homologue of a .self-protein is able to directly 
activate quiescent autoreactive T ceils, thereby resulting in a 
cross-reactive autoimmune response against the foreign and self- 
proteins. 

Regardless of the underlying mechanism, the finding that i.m. 
injection of RDAd-encodlng foreign proteins can break tolerance 
suggests that the use of RDAd encoding non-self proteins, in- 
cluding deficient human proteins in patients with recessive 
diseases, may generate immune responses that preclude future 
gene or protein therapy. Moreover, as seen in this study, the use 
of RDAd encoding foreign proteins might in some cases lead to 
autoimmune responses against homologous self-proteins, 
thereby exacerbating human disease. Thus, human gene therapy 
trials utilizing RDAd encoding non-self proteins should be pur- 
sued with caution. Conversely, however, the ability of these 
vectors to break tolerance may also have important therapeutic 
implications. For example, the use of RDAd to break tolerance to 
tumoi cell antigens may be a useful gene therapy approach for 
the treatment of human malignancies. 

Gene therapy using RDAd to deliver self proteins. Previous 
studies have suggested that immune responses to adenovirus 
proteins would preclude the use of first-generation RDAd for 
human gene therapy' "'" 2 '". This has led to the suggestion that 
significant modifications of the adenovirus vector and/or the de- 
velopment of immunosuppressive regimens would be necessary 



before the successful use of these vectors for the treatment of 
human disease 1 "". Our results demonstrate that a single i.m. in- 
jection of first-generation, El/E3-dcleted RDAd can be used to 
deliver stable physiological levels of recombinant (self) proteins 
to the systemic circulation of adult immunocompetent mice. 
Although it will be important to confirm the feasibility of this 
approach using a number of different self transgenes and large 
animal models, our findings suggest that it may be possible to 
use a single i.m. administration of these vectors without modifi- 
cation or concomitant immunosuppression to provide long-term 
recombinant gene expression in human diseases in which pa- 
tients are tolerant of the recombinant proteins encoded by the 
adenovirus. Examples of such diseases include hemophilia A, dia- 
betes mellitus and the erythropoietin-responsive anemias in 
patients with chronic renal failure. Finally, however, it should be 
noted that we did detect anti-adenovirus antibodies in both the 
AdmEpo- and AdhEpo-injected animals. Although such antibod- 
ies did not interfere with long-term transgene expression, our 
preliminary experiments suggest that they do preclude repeated 
administration of these vectors (S.K.T. and J.M.L., data not 
shown). Thus, it will likely be necessary to develop transient Im- 
munosuppressive regimens 1 ' for the treatment of human diseases 
that require the repeated administration of RDAd encoding ei- 
ther self or foreign transgene products and for the treatment of 
human diseases in which patients are not tolerant to the trans- 
gene product encoded by the virus. 

Methods 

Animals. Mice were obtained from Charles River or Jackson 
Laboratories and housed and cared for in the A.j. Carlson Animal 
Research facility of the University of Chicago. All animal experimen- 
tation was performed in accordance with National Institutes of 
Health guidelines. All protocols were approved by the animal care 
committee of the University of Chicago. 

Construction of replication -defective adenoviral vectors, AdBglll 
has been described previously". AdhEpo is an E1/E3-deleted variant 
of Ad5sub3<50 containing the 816-bp hEpo cDNA under the tran- 
scriptional control of the elongation factor 1 a promoter and the 
human 4F2 heavy chain enhancer' 5 . AdmEpo is identical to AdhEpo 
except that is contains the mEpo cDNA. AdmEpo was constructed as 
follows. The murine erythropoietin cDNA was cloned by reverse- 
transcriptase (RT) PCR (30 cycles) of mRNA isolated from CHO ceils 
that had been stably transfected with a 3891 -bp Xbol/H/'ndlll ge- 
nomic fragment of mEpo. The PCR primers used were (sense) 
5'-AAGCCTGGCGCGGAGATGGGGGTGCCG-3' and (antisense) 
5'-GCACTACTATCTCACCTGTCCCCTCACCTGC~3'. The resulting 
591-bp cDNA was digested with H/ndlll and Spel and cloned into 
Hind\\\/Spe\ digested pAdEFI (Asd). The resulting plasmid was co- 
transfected into 293 cells with Xbal/C/ol-digested Ad5sub360 
adenovirus DNA using calcium phosphate. Recombinant plaques 
were picked, confirmed by restriction endonuclease and DNA se- 
quence analysis and plaque-purified 3 times to generate AdmEpo. 
Viral stocks were generated as described' 3 by infection of 293 cells. 
All viral stocks were shown to be free of replication-competent wild- 
type adenovirus using a sensitive PCR-based assay". Before i.m. 
injection, virus was purified by banding in CsCI and dialyzed for 8 h 
at 4 "C against 3 changes of HEPES-buffered saline (10 mM HEPES, 
1 40 mM NaCI, 1 mM MgClj, pH = 7.2). 

Detection of mEpo. Serum or kidney lysates were prepared from 
CD1 mice and analyzed for the presence of mEpo by a radioimmuno- 
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assay*. Kidney iysates were prepared by homogenizing a whole kid- 
ney in 1 ml of erythropoietin dilution buffer (R&D Systems). The 
lysate was clarified by centrifugation for 1 0 minutes at 1 5,000g. 

PCR analysis. Genomic DNA, prepared as described previously 11 , was 
subjected to 30 cycles of the PCR using primers complementary to 
sequences within the EFIa promoter (sense primer; 5'-CTCCTTG- 
GAATTTGCCC I I I I I I 1 CACTTTCCATCTTCC-3') and the mEpo 
cDNA (antisense primer; S'-GCTTGCAGAAACTATCCACTGTGAGT- 
GTTTCGGAGTGC-3') or the hEpo cDNA (antisense primer: 
5'-GCTGCAGTGTTCAGCACAGCCCG-3'). PCR reactions for the de- 
tection of the AdBglil genome utilized the following primers (sense 
primer: 5'-GGTGTMGGMGTGACMTTTTCGCGC-3', and antisense 
primer: 5'-AAACCAGTTCGTGCTGCC-3'). PCR products were frac- 
tionated by electrophoresis in 1% agarose gels, transferred to 
nitrocellulose and analyzed by Southern blotting using a H P-labeled 
591 -bp Wrjdlif/Spei fragment of the mEpo cDNA, a 326-bp fragment 
of the hEpo cDNA or a 689-bp fragment from the pAdBglll plasmid. 
The amount of input DNA for each organ was normalized by PCR 
using primers located within exons 2 and 4 of the cardiac troponin C 
gene (cTnC) (sense primer: 5 '-G AACAGTTGACAGAGG AGCA- 
GAAG-3' and antisense primer: S'-CATGCGGAAGAGATCCGACA 
GCTC-3'). The 830-bp cTnC PCR product was visualized by agarose 
gel electrophoresis and ethidium bromide staining. 

Detection of anti-mEpo antibodies. Serum (15 ul) from uninjected 
control mice, AdmEpo-injected mice, or AdhEpo-in(ected mice was 
mixed with 150 ul of purified recombinant mEpo (14 tig/ml in PBS). 
Following incubation for 1 h at 4 °C, 50 ul of protein A-Sepharose 
beads precoated with 20 M9 of rabbit anti-mouse IgG (Jackson 
Immunoresearch Laboratories, Inc.) was added to each tube and in- 
cubation was continued with gentle rocking for 1 h at 4 °C. 
Immunoprecipitates were removed by centrifugation at 16,000gfor 
10 s in a microfuge and the resulting supernatants were assayed for 
mEpo by the use of a commercially available ELISA (R&D Systems). 

Detection of anti-adenovirus antibodies. Anti-adenovirus antibod- 
ies were detected by ELISA. Ninety-six-well Nunc Maxisorb plates 
(Nunc, Inc.) were coated with 10 s PFU of AdBglil in HEPES-buffered 
saline at 4'C overnight. The wells were washed 5 times with PBS 
and then incubated overnight at 4 °C with serial dilutions of serum 
(in PBS + 2% BSA) from control, AdmEpo-, or AdhEpo-injected mice. 
The wells were washed 5 x with PBS and then incubated with 200 uJ 
of a 1 :3000 dilution of alkaline phosphatase-conjugated goat anti- 
mouse IgG (CALTAC Labs) for 1 h at 17 °C. FoSlowing washing, the 
wells were incubated with 1 00 uf of TMB deveioping reagent (DAKO 
Corp.). Substrate conversion was stopped after 1 0 min by the addi- 
tion of 1 00 ul acid stop solution (1 M HCI, 3 M H 2 50,) to each well. 
Plates were read at 450 nm in a Dynatech MR5000 plate reader. 
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